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ABSTRACT
W illiam s, Thomas R . , M .S ., December, 1975 Geology
Geothermal Potentia l in the Bearmouth Area, Montana (81 pp.)
D irec to r: Gary W. Crosby
The Bearmouth area, located near the town o f Drummond in western 
Montana, was investigated with regard to i t s  potentia l fo r  the 
production o f geothermal energy. Features which make the area 
a t t r a c t iv e  as a geothermal prospect are: (1) the location of
western Montana w ith in  the C ord ille ran  Thermal Anomaly Zone;
(2) the occurrence o f extensive volcanics in the Bearmouth area,  
some features of which have been thought to be Pleistocene in age;
(3) the existence o f several thermal springs in the area; and
(4) the location of the study area w ith in  the major s truc tura l zone 
known as the Montana lineament.
Five reconnaissance exploration methods were applied in the Bear­
mouth area in order to a r r iv e  a t  a prelim inary evaluation of i t s  
geothermal resource p o te n tia l:  geochemical sampling of the thermal
springs, age dating of the volcanic rocks, microearthquake moni­
to r in g , ground magnetic surveying, and g rav ity  surveying. The 
resu lts  of the surveys ind icate  th a t an anomalous magmatic heat 
source fo r  the thermal features is not present. The true source 
of heat is believed to be deep c irc u la t io n  of meteoric ground 
waters in a region o f prominent fo ld ing  and fa u lt in g .  The geo­
thermal potentia l o f the area is concluded to be very low fo r  
e le c tr ic a l  power production, although some minor u t i l i z a t io n  such 
as space heating may be possible i f  the thermal waters prove to be 
as warm a t depth as th e ir  geothermometry ind icates.
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Chapter 1 
INTRODUCTION
Geothermal Resources
C r it ic a l  fuel shortages on a world-wide basis in recent years 
have accelerated serious investigation  o f a l te rn a t iv e  energy sources to  
supplement dwindling fo ss il fuel reserves. Many a lte rn a tiv e s  are being 
considered, such as the wide-scale u t i l i z a t io n  o f solar energy and the 
extraction  of energy from the wind in favorable locations. One large  
and e s se n tia lly  untapped energy reserve which is of immediate p ractica l  
importance is  tha t o f geothermal energy.
The to ta l geothermal resource base can be considered as a l l  heat 
contained in the ea rth 's  crust above 15°C, the mean surface temperature 
of the earth (M u ff le r ,  1973). While th is  to ta l energy reserve is  vast,  
most of i t  is  fa r  beyond the reach o f man. The deepest geothermal hole 
which has been d r i l le d  to date goes to only 3 km, and i t  is  considered 
u n like ly  that heat w i l l  ever be extracted p ro f ita b ly  from depths greater  
than 10 km (M uffler and White, 1972). Even in th is  outer 10 km most of 
the thermal energy is much too d if fu s e  to ever be recovered economically 
(White, 1965).
The areas which constitu te  a t t ra c t iv e  targets from an economic 
standpoint are locations where geothermal energy is concentrated into  
local reservo irs , analogous to the concentration of o il  in to  petroleum 
reservo irs . These geothermal targets are sought w ith in  regions where
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heat flow is  abnormally high, commonly along the boundaries o f  the 
earth 's  major crustal p la tes . These are areas o f young volcanism and 
mountain building a c t iv i t y  (Lipman e t  a l . ,  1972), and the intrusions o f  
igneous material c h a ra c te r is t ic  o f such zones comprise the localized  
high temperature sources which are the most promising targets fo r  e le c ­
t r ic a l  power production under ex is ting  technology (White, 1973).
A conceptual model fo r  such a high temperature geothermal reser­
vo ir is presented in Figure 1, taken from White (1968), Heat is trans­
ferred by conduction from a body of hot igneous rock to the surrounding 
country rock, and then to deep meteoric ground waters c irc u la t in g  in a 
permeable aquifer above the cooling body a t depths of 2 to 6 km. The 
thermal energy is carried  upward to depths shallow enough to be tapped 
by d r i l l  holes by convective a c t iv i t y  w ith in  the c irc u la t in g  hydrothermal 
system. The most favorable reservoirs are considered to be those capped 
by rocks o f low perm eability which act to insula te  th e ir  reservoirs and 
conserve the heat below. White (1966) has indicated that such a w e l l -  
insulated reservo ir may have ten times the energy content of a s im ilar  
uninsulated ( i . e . ,  uncapped) reservo ir .
While the known ch arac ter is tics  o f c irc u la t in g  hydrothermal 
systems can be accounted fo r  in such a s im plified  model. White (1968) 
and Keller (1975) have cautioned that actual geothermal systems are 
probably much more complex a t  depth.
In a review o f power-producing geothermal areas in the world, 
McNitt (1965) observed that a l l  are located in areas o f Cenozoic volcan­
ism. Although the geologic settings and rock types are quite d iverse, 
the heat sources in these producing areas appear to be re la ted  to e ith e r  
buried flows o f volcanic rock or cooling in tru s iv e  bodies. These
tpnnç
I
pq.bit
rocks
Figure 1. Conceptual Model o f a Geothermal Reservoi
(from White, 1968)
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volcanic f ie ld s  are commonly associated with major fa u lt in g  and the 
readjustment o f crustal blocks in structura l features such as grabens 
(Banwell, 1970). Avenges fo r  c irc u la t io n  o f hot convecting f lu id s  are 
most often provided by permeable f a u l t  zones, such as in The Geysers
area in C a li fo rn ia ,  the Wairakei f i e ld  in New Zealand, and the
Larderello  steam f ie ld  in I t a l y  (M cNitt, 1965; Ward, 1972).
Banwell (1970) has pointed out th a t exploration fo r  geothermal 
systems is a t a stage analogous to o i l  exploration in the la te  nine­
teenth and early  twentieth centuries, in that d r i l l in g  is usually under­
taken in areas th a t e x h ib it  surface seeps such as hot springs or 
fumeroles. Since many areas with such features remain unexplored, he 
suggested that th is  ta c t ic  may have m erit fo r  some time to come while
more sophisticated exploration techniques are being developed.
Thus in exploring fo r  additional geothermal resource areas, 
several guidelines have been established by practica l experience. The 
most favorable prospects w i l l :  (1) be located in regions o f abnormally
high heat flow in ac tive  orogenic b e lts ;  (2) probably e x h ib it  evidence 
of T e rt ia ry  or Quaternary volcanism; (3) often possess surface manifes­
tations of subsurface thermal a c t iv i t y  such as hot springs or geysers; 
and (4) be characterized by permeable f a u l t  zones or frac tu re  systems 
which permit the c irc u la t io n  of convecting hydrothermal f lu id s .
The Bearmouth Area
Location and regional s e t t in g . The Bearmouth study area consists 
o f about 75 square miles in the northeastern corner of Granite County in 
central-western Montana. The area is centered about the former ra ilw ay  
station  a t  Bearmouth, located approximately 40 miles east of Missoula
5
and 9 miles west of Drummond along the Clark Fork River (see Figures 2 
and 7 ) .
Regionally, the Bearmouth area l ie s  w ith in  the Montana l in e a ­
ment, a major E-SE trending structura l zone which extends from the 
Coeur d'Alene mining d is t r i c t  o f northern Idaho to the northern Boulder 
batho lith  region near Helena (Weidman, 1975). This zone is  character­
ized by the alignment of large -sca le  structural features such as s t r ik e -  
s l ip  f a u l t  zones, th rust zones, and fo ld  trends, and is considered to be 
the expression of a zone of fundamental crustal weakness (Smith, 1965). 
McMannis (1965) has pointed out tha t the lineament separates two 
esse n tia lly  d if fe re n t  provinces in western Montana, the Belt sedimentary 
province to the north, and the b a th o lith ic  province to the south (see 
Figure 3 ) .  The lineament, th ere fore , seems to represent a major crustal 
discontinu ity . Douglas (1972) suggested that by using physiographic 
evidence i t  may be possible to trace the lineament as fa r  west as the 
S tra its  o f Juan de Fuca and as fa r  east as the o f fs e t  in the mid­
continent g rav ity  high in Iowa, and i f  so, th a t the lineament may be a 
fundamental tectonic feature  o f North America.
On a more local scale , the Bearmouth area l ie s  on the northern 
edge o f the Sapphire tectonic block, a th ic k  coherent 7500 square k i lo ­
meter segment of the crust which is  postulated to have become detached 
and carried  eastward by g rav ita tio n a l forces as a re su lt  o f u p l i f t  of 
the Idaho b ath o lith  in fras tru c tu re  in Late Cretaceous time (Hyndman 
e t a l . ,  1975). The major s tructura l feature  found in the Bearmouth 
area, the Bearmouth th rust f a u l t ,  is part o f the thrust zone which is  
thought to be c h a ra c te r is t ic  of the leading edge o f the Sapphire block 
(see Figure 4 ) .
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Attractiveness as a geothermal prospect. The Bearmouth area 
exhib its  several o f the ch a rac ter is tics  discussed previously as being 
favorable in terms of geothermal p o te n t ia l .  F i r s t ,  western Montana l ie s  
in a zone o f abnormally high heat flow known as the C ord illeran  Thermal 
Anomaly Zone, with an average conductive heat flow of 2.2 microcalories  
per cm̂  per sec (B lackwell, 1969; Blackwell and Robertson, 1973). This 
compares with a world-wide average heat flow of 1.5 microcalories per 
cm̂  per sec (Lee and Uyeda, 1965).
Secondly, the study area contains extensive outcrops of ex tru ­
sive igneous rocks of the b a s a lt-a n d e s ite -rh y o lite  association. These 
volcanics (indicated by a shaded pattern on Figure 7) cover or intrude  
mainly Paleozoic limestones and Mesozoic shales in the study area, 
although Belt a r g i l l i t e s  and quartz ites  are also found in the western 
part of the region as a part o f the Bearmouth th rust sheet (Kauffman, 
1963; Maxwell, 1965). Of immediate in te re s t  from a geothermal resource 
viewpoint is the fa c t  th a t some features of these volcanic f ie ld s  have 
been postulated to be as young as Pleistocene in age on the basis of 
geomorphic evidence (A lt  e t  a l . ,  1971).
A th ird  promising fea ture  of the Bearmouth area is the occur­
rence of several thermal springs and seeps, perhaps ind ica tive  of a heat 
source a t  depth in the volcanics. Healy (1970) has observed that to 
date no producing geothermal f i e ld  has been discovered in an area without 
such thermal springs.
F in a l ly ,  the study area l ie s  w ith in  the prominent structura l  
zone known as the Montana lineament. Fundamental crustal weaknesses 
w ith in  th is  fa u l t  zone undoubtedly provided the avenues fo r  in jec tio n  of 
the volcanics in the region, and these same zones of weakness may
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presently provide channels fo r  the c irc u la t io n  o f hydrothermal f lu id s  
over a geothermal re se rv o ir .
Previous in v es tig a tio ns . Numerous geologic investigations have 
been carried out in the Drummond-Bearmouth area, many o f them as part of  
a mapping pro ject conducted by graduate students from Princeton 
U nivers ity . Among these are studies in adjacent areas by Csejtey (1962), 
Gwinn (1960, 1961), McGill (1959), and Mutch (1961). The geology w ith in  
the immediate study area of th is  thesis has been mapped by Kauffman 
(1963) and Maxwell (1965). A thesis a t  the U niversity  of Montana 
describes the geology of the Nimrod area immediately to the west o f the 
Bearmouth study area (Montgomery, 1958). A concurrent study of the 
northern boundary o f the Sapphire tectonic block in an area ju s t  5 miles 
to the west o f the Bearmouth study area has recently  been completed 
(Desormier, 1975).
The only previous geophysical investigation  which includes the 
Bearmouth study area is  an aeromagnetic survey o f the Montana lineament 
(Douglas, 1972). The portion of the map resu lt in g  from th is  survey 
which is pertinent to th is  thesis is reproduced in Figure 9.
Chapter 2 
EXPLORATION METHODS
The science o f exploration fo r  geothermal resources is s t i l l  in 
i t s  infancy, and therefore spec ific  exploration procedures have not yet  
been well established. This is la rg e ly  due to the fa c t  th a t too l i t t l e  
is  known about the actual physical nature o f geothermal reservo irs , and 
thus the parameters to be measured and evaluated in an exploration  
program are not ye t well defined (Eaton, 1975).
To date a large v a r ie ty  o f geo log ical, geochemical, and geo­
physical techniques have been applied in the search fo r  additional geo­
thermal resources. Geological exploration consists o f seeking the favor­
able geologic environments, discussed in the previous chapter, where one 
would expect to find  geothermal reservo irs . One important study in such 
a program is the dating o f volcanic rocks to determine th e ir  potentia l  
fo r  supporting a geothermal system (Combs and M u ff le r ,  1973).
Geochemical methods have been extremely valuable in the d e l in ­
eation of promising geothermal resource targets . White (1970) has 
provided an exce llen t summary o f these powerful techniques. Geochemical 
procedures include analyses of thermal waters to determine the source o f  
recharge fo r  a system, to determine whether the principal f lu id  phase is  
hot water or vapor, and to estimate the water chemistry a t  depth.
Perhaps the most widely used methods, however, are those directed  
towards estimating the temperature of the reservo ir  a t depth.
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Geophysical methods which are applicable  to the search fo r  geo­
thermal reservoirs can be divided in to  two categories: the "d irect"
methods, which measure the physical parameters of the geothermal system; 
and the " ind irec t"  methods, which investigate the s tructura l configura­
tion  of the host rocks. Among the d ire c t  or f lu id  parameter methods are 
heat flow and temperature gradient determinations, thermal in frared  
imagery, e le c tr ic a l  r e s is t iv i t y  and electromagnetic surveying, and 
passive seismic methods (microearthquake and ground noise m onitoring). 
The in d ire c t  or structura l methods include g rav ity  surveying, airborne  
and ground magnetic surveying, and active  (explosion) seismic re f le c t io n  
and re fra c tio n  surveys.
As a consequence o f the great v a r ie ty  o f geological environments 
in which geothermal systems occur, no single exploration method has been 
found to be un iversa lly  app licab le . Therefore, exploration programs are 
most successful when a number o f complementary methods are u t i l iz e d  to 
a rr iv e  a t a composite estimate of the potentia l of a prospect (Combs, 
1972).
Owing to the l im ita t io n s  of tim e, funding, and ava ilab le  in s tru ­
mentation, the reconnaissance exploration methods selected fo r  use in 
a rr iv in g  a t a prelim inary evaluation of geothermal potentia l in the 
Bearmouth area were the fo llow ing: geochemical sampling of the thermal
springs, age dating o f the volcanic rocks, microearthquake monitoring, 
grav ity  surveying, and ground magnetic surveying. The app lication  of 
these methods to geothermal prospecting is described in the following  
paragraphs.
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Geochemical Sampling
Largely through the research e f fo r ts  o f sc ie n tis ts  in the U.S. 
Geological Survey % methods are now a v a ilab le  fo r  predicting the base 
temperature of a geothermal reservo ir  by determining the chemical compo­
s it io n  of hot springs or wells y ie ld in g  hydrothermal f lu id s  from the 
reservo ir.
There are bas ica lly  two types of geothermal systems to be 
considered, depending on whether the continuous f lu id  phase is l iq u id  or 
vapor (White, M u ff le r ,  and Truesdell, 1971). The f i r s t  and fa r  more 
common type is ca lled  the hot water system, and i t  is characterized by 
c ircu la t in g  hydrothermal f lu id s  which may flash  to wet steam as the 
water encounters lower pressures near the surface. Fluids from such a 
system can be used to produce e le c t r ic i t y  by causing the superheated 
water to flash  to steam in a well and then expanding th is  steam into a 
low-pressure turbine which drives a conventional e le c tr ic a l  generator.
The second type of geothermal system is the ra re r  vapor- 
dominated or dry steam system. This type contains both water and steam 
at depth in the re s e rv o ir ,  with steam being the continuous, pressure- 
contro lling  phase. Wells tapping such a reservo ir produce dry or super­
heated steam with no associated l iq u id s . These systems constitu te  the 
prize  targets o f geothermal exp loration , fo r  dry steam from the w e l l ­
head can be used d ir e c t ly  to drive  e le c tr ic a l  generators. Unfortunately, 
these reservoirs are rare in occurrence; they are estimated to comprise 
only about 5% o f  a l l  geothermal systems (White, 1973).
Geochemistry is  most useful fo r  predicting base temperatures of 
the more common hot water systems. White (1973) considered the two most 
useful geothermometers fo r  these systems to be the s i l ic a  content and
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the Na-K-Ca ra tio s  of hot springs emanating from the reservo ir . He 
indicated th a t the magnesium content o f thermal waters is also useful in 
a q u a li ta t iv e  way fo r  ind icating  subsurface temperatures. These are the 
three geochemical indicators selected fo r  analysis of the Bearmouth 
thermal springs.
The s i l ic a  geothermometer is  based on the temperature-dependent 
s o lu b i l i ty  of the mineral quartz in water. Fournier and Rowe (1966) and 
Fournier and Truesdell (1970) have presented a curve (reproduced in 
Figure 5) which gives dissolved s i l ic a  in parts per m il l io n  as a function  
of base temperature. Several important assumptions are made when 
applying th is  curve to hot springs in the estimation o f reservo ir base 
temperatures (Kaczmarek, 1974): (1) s i l ic a  is in equilibrium  with
quartz a t the reservo ir temperature; (2) cooling is  by conduction of 
heat into wall rocks as the water rises to the surface; (3) no s i l ic a  
p rec ip ita tio n  due to supersaturation is occurring (generally  va lid  when 
the reservo ir temperature is  below IBO^C); and (4) no mixing with d i lu te  
ground water is  taking place.
Since v io la tion s  of any of these assumptions can introduce 
errors in the estimation of base temperature, the s i l ic a  geothermometer 
should be considered as providing only an estimate of subsurface 
reservo ir temperatures.
Next to s i l ic a  content, the Na/K r a t io  in thermal waters 
provides the most re l ia b le  ind ication  of reservo ir  base temperatures. 
Fournier and Truesdell (1973) have published an empirical method fo r  
estimating the f in a l  temperature of water-rock in te raction  based on 
molar Na, K, and Ca concentrations. The method is based on the temper­
ature dependence of the p a rt i t io n in g  o f a lk a l ie s  between solutions and
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(from Fournier and Truesdell, 1970)
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solid  phases. The Na-K-Ca method is considered to be superior to 
previous Na/K methods in that i t  corrects fo r  carbon dioxide content and 
pH effec ts  by taking into  consideration the competition o f calcium with  
sodium and potassium in s i l ic a te  reactions (Kaczmarek, 1974). This is  
p a r t ic u la r ly  important fo r  thermal reservoirs o f moderate temperature 
where high p a rt ia l  pressures of carbon dioxide e x is t  and pH is l ik e ly  to  
be controlled by carbonate e q u i l ib r ia .  Thus fo r  waters r ich  in calcium, 
such as the travertine -depo s iting  waters o f Mammoth Hot Springs in 
Yellowstone Park, the Na-K-Ca method gives much b e tte r  resu lts  than 
simple Na/K ra t io s  (Fournier and Truesdell, 1973).
The empirical curve fo r  th is  method is given in Figure 6. I t
was constructed by considering data from natural waters ranging in 
temperature from 4 to 340°C. For the range 15 to 340^C, most data
points f e l l  w ith in  about ±15 to 20°C o f the so lid  curve. The dashed
lines in Figure 6 ind icate  +15°C and -15°C with respect to the solid  
curve. Use o f the Na-K-Ca geothermometer proceeds as follows (Fournier 
and Truesdell, 1973):
(1) Express the concentrations of dissolved species in units  
of m o la lity . (2) Using m o la lity  values, ca lcu la te  log (CaVNa).
I f  th is  number is negative, ca lcu la te  log K' fo r  b= l/3  and use 
Fig. 6 to estimate temperature. (3) I f  log (CaVNa) is p o s it ive ,  
calcu late  log K' fo r  b=4/3, and determine whether the temperature 
estimated from Fig. 6 is greater or less than lOO^C. I f  greater 
than 100°C, reca lcu la te  log K' using b = l/3 ,  and use th a t value to 
estimate the temperature. Otherwise, use b=4/3 to estimate the 
temperature.
Important assumptions fo r  the use of th is  method are s im ila r  to 
those fo r  the use of the dissolved s i l ic a  method. They include the 
assumptions th a t:  (1) there is no d ilu t io n  of the thermal water by
shallow ground water; and (2) there is no reaction o f ascending thermal 
water with the wall rocks. In p a r t ic u la r ,  in calcium -rich environments.
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the Na-K-Ca determined temperatures may be too high i f  calcium carbonate 
is deposited a f te r  the thermal water leaves the reservo ir (Kaczmarek, 
1974).
The th ird  geochemical ind ica to r which was applied to the 
Bearmouth thermal springs is the consideration of magnesium concentra­
t io n . This is more a q u a l i ta t iv e  tool than the s i l ic a  and Na-K-Ca 
methods, but i t  can a t  lea s t provide an ind ication  of subsurface 
temperatures. The a b i l i t y  of magnesium to take part in reactions 
decreases g reatly  a t low temperatures, so th a t magnesium concentrations 
tend to be much greater in cold waters than in hot waters (White, 1970). 
Commonly, magnesium concentrations in hydrothermal f lu id s  are less than 
several parts per m il l io n ,  whereas in cold and modérately-therm al waters 
( i . e . ,  below 60*^C) they are two to three times higher (Kaczmarek, 1974).
Age Dating
As part o f i t s  extensive geothermal research program, the U.S. 
Geological Survey is  curren tly  developing a model which uses the age 
and size of a volcanic system to pred ict i ts  potentia l to support a 
geothermal system (Smith and Shaw, 1973). In the federal c la s s if ic a t io n  
of lands as geothermal resource provinces, i t  is  indicated th a t volcanic  
systems older than Late T e r t ia ry  are not thought to be capable o f s t i l l  
possessing s u f f ic ie n t  heat storage near the earth 's  surface to support a 
geothermal system (Godwin e t a l . ,  1971). Thus in the search fo r  high- 
temperature hydrothermal reservo irs , the volcanic rocks of in te re s t  are 
considered to be those which are post-Miocene in age (M u ff le r ,  1975).
The radiometric age dating o f volcanic rocks associated with a 
geothermal prospect can therefore provide important clues with regard
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to the potential o f the prospect. Many radiometric methods are now 
a v a ila b le ,  but the one which has been applied most successfully to the 
dating o f very young fine-grained volcanic rocks is the potassium-argon 
method. The unstable isotope of potassium, potassium-40, ra d io ac tiv e ly  
decays to the in e r t  gas argon-40 with a h a l f - l i f e  o f approximately 1.31 
b i l l io n  years. By careful measurement o f the ra t io  o f parent and 
daughter elements in a volcanic rock, i t  is possible to ca lcu la te  the 
age o f the rock with an an a ly tica l precision o f approximately 2% 
(Dalrymple and Lanphere, 1969). Thus potassium-argon dating has found 
much application in the exploration fo r  geothermal resources.
Microearthquake Monitoring
Another valuable exploration tool which d ir e c t ly  measures 
physical parameters of a geothermal system is the technique of monitoring 
microearthquake a c t iv i ty  associated with the prospect.
Microearthquakes are defined as d iscrete  seismic events of small 
magnitude, usually f a l l in g  in the range of -2  to + 4 on the Richter 
magnitude scale (R ich ter, 1958). Such small earthquakes occur in great 
numbers near most o f the major geothermal areas of the world (Ward,
1972). Thus they provide a more or less ch a ra c te r is t ic  signature fo r  
the exp lo ra tio n is t in search of geothermal reservo irs .
The mode o f occurrence of these microearthquakes is also quite  
c h a ra c te r is t ic .  Rather than exh ib itin g  a mainshock/aftershock sequence, 
typ ical where there is  large-scale  tectonic s tra in  re lease, the micro­
earthquakes in geothermal areas tend to occur in swarms which have no 
one outstanding event. These swarms may la s t  fo r  hours or days, and 
they tend to occur on a more-or-less continuous basis. The number of
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events per day is usually on the order of several to perhaps several
dozen. In Yellowstone Park, the most ac tive  geothermal area in the
world, these swarms may e x h ib it  "up to several hundred events w ith in  a 
period of a few hours to a few days in a region less than 3 km across" 
(Eaton e t  a l . ,  1974).
The hypocenters o f these small earthquakes are generally shallow. 
In Iceland, Ward (1971) found that they occur a t depths o f 2 to 6 km, 
while Hamilton and M u ffle r (1972) reported that the depths are near­
surface to 6 km in El Salvador, near-surface to 5 km in Japan, and near­
surface to 5 km a t  The Geysers, C a li fo rn ia .  In what is perhaps the most
extensive investigation  of microearthquakes in geothermal areas to date. 
Ward (1971) found th a t the epicenters of the microearthquake swarms in 
Iceland commonly are also coincident with surface indicators of heat, 
such as a lte red  ground.
The reasons fo r the nearly universal association of microearth­
quakes with major geothermal areas are not ye t well understood. I t  is  
generally thought that the swarms are expressions of release o f regional 
stress in areas where the earth 's  crust is r e la t iv e ly  weak. Many 
theories have been proposed to explain a weaker crust in the v ic in i ty  of  
geothermal reservo irs , but perhaps the most widely accepted ideas a t  
present have to do with the e f fe c t  o f f lu id s  on fra c tu r in g .
Several years ago Healy e t  a l ,  (1968) discovered a very high 
co rre la tio n  between the occurrence of dramatic swarms o f earthquakes 
northwest o f Denver, Colorado, and the pressure in jec tio n  of waste 
f lu id s  into  a deep disposal well a t  the Rocky Mountain Arsenal, located  
in the epicentral region. This e f fe c t  of f lu id s  on earthquakes is  
believed to be due to an increase in pore pressure, which in turn
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reduces the f r ic t io n a l  resistance to slippage on a f a u l t  by decreasing 
the e ffe c t iv e  normal stress across the fra c tu re  plane. This same e f fe c t  
is thought to be the cause of increased seismic a c t iv i t y  in the v ic in i ty  
of large new water storage reservoirs (Ward, 1972).
The way in which th is  mechanism is believed to operate in geo­
thermal reservoirs is that hot c irc u la t in g  f lu id s  may act to systemat­
ic a l ly  increase pore pressures and thereby promote fa u lt in g .  In te re s t­
ing ly , earthquakes greater than magnitude 4 .5  are ra re ly  observed in 
geothermal areas (Ward, 1972). Thus e f fe c t iv e  strength may be lower 
than in nearby colder regions, and regional tectonic stress is 
apparently re lieved  in a much more continuous fashion.
A second e f fe c t  a ttr ib u te d  to f lu id  a c t iv i t y  on fa u l t  surfaces 
is that o f stress corrosion. Corrosion reactions produced by water 
percolating along a f a u l t  surface tend to take place more re ad ily  a t  
points of high stress. Since laboratory experiments have demonstrated 
that stress corrosion increases exponentially with temperature, hot 
geothermal f lu id s  would tend to leach away i r r e g u la r i t ie s  on a fa u l t  
surface, thus reducing f r ic t io n a l  resistance and promoting movement on 
the fa u l t  (Ward, 1971).
Other theories concerning microearthquakes in geothermal areas 
are less well documented. One mechanism which has been proposed is th a t  
of simple stress re d is tr ib u t io n  due to heating and resu ltan t expansion 
of the rock. I t  is  also known from laboratory work th a t the inherent 
strength of rock decreases with increasing temperature. Therefore, rock 
fa i lu r e  and the in i t ia t io n  o f fractures may be promoted by high tempera­
tures. Trimble and Smith (1975) and Ward (1971) indicated th at micro­
earthquake swarms in geothermal areas may also be re lated  to a
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concentrated stress d is tr ib u t io n  in nonuniform m a te r ia l . The volcanic 
f ie ld s  most often associated with geothermal phenomena constitu te  such 
heterogeneous m a te r ia l,  and stress concentrations may be produced in 
such areas by local hot spots. I f  so, the e f fe c t iv e  rock strength would 
thereby be reduced and earthquake swarms could re s u lt .
Regardless of the exact cause of microearthquakes in geothermal 
areas, they are curren tly  regarded as a valuable exploration tool 
(Crosby, 1975, personal communication). During his extensive studies in  
Iceland, Ward (1971) found that most o f the microearthquakes associated 
with geothermal areas were so small that they would not have been 
detected by his instruments (operating a t  a gain of close to a m il l io n )  
i f  the seismometers had been more than 30 km from the active  zones. 
Therefore, the instrumentation required fo r  exploration consists of a 
set of three or more high gain portable seismographs which can be 
in s ta lled  in the area of in te re s t in an array with dimensions comparable 
to the depth of in te re s t  ( i . e . ,  5 to 10 km).
The duration of recording does not have to be great in order to 
achieve an ind ication  o f the seism icity in the v ic in i t y  of a prospect, 
fo r microearthquake a c t iv i t y  is e s s e n tia lly  continuous in ac tive  geo­
thermal areas. Ward (1971), fo r  instance, found that a f te r  three days 
of recording he was able to estimate a d a i ly  event count which was 
with in  ±45% of the d a i ly  mean based on two months o f recording.
Exploration objectives in microearthquake monitoring are thus 
twofold: (1) to obtain an ind ication  of the local level of seism icity
over the geothermal prospect; and (2) to locate hypocenters of c o rre l­
a t iv e  events as c lose ly  as possible. These hypocenters can then be 
used to locate the f a u l t  zones along which hydrothermal f lu id s  are
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migrating. Such descriptions in three dimensional space constitu te  
valuable targets i f  a d r i l l in g  program ensues (Ward, 1972).
Gravity Surveying
Gravity and magnetic surveying belong to the category of 
" ind irect"  or "s tructura l"  methods in geothermal prospecting. Basically  
the methods are borrowed from petroleum exploration technology, where 
they are applied to the search fo r  the structura l and s tra tig rap h ie  
traps in which o i l  reservoirs are found. Thus they are very useful fo r  
delineating the general geologic setting  and the configuration of the 
host rocks, but they generally  do not provide d ire c t  information on the 
nature o f geothermal reservoirs (Combs and M u ff le r ,  1973).
The g rav ity  method detects la te ra l  varia tions in density w ith in  
the earth by measuring the resu ltan t changes in the earth 's  g ra v ita ­
tional a t t ra c t io n .  Instrumentation consists o f a sensitive r e la t iv e -  
reading g rav ity  meter which is capable o f d istinguishing changes in the 
acceleration o f g rav ity  on the order of one te n -m ill io n th  of the earth 's  
to ta l g rav ita tion a l f i e ld .  E ffects from a l l  depths are in tegrated, but 
in general shallow bodies or structures are expressed as sharp anomalies 
and deeper structures are expressed as broader anomalies on a contour 
map o f the local f i e ld  (N e tt le to n , 1971; Dobrin, 1960).
The lim ited  geothermal exploration experience gained thus fa r  
has indicated th a t  the g rav ita t io n a l expressions over geothermal reser­
voirs can be quite va ried , with both p os itive  anomalies ( r e la t iv e  mass 
excess) and negative anomalies ( r e la t iv e  mass defic iency) delineating  
areas o f in te re s t .  Perhaps one o f the most s tr ik in g  examples o f the 
co rre la tio n  o f pos itive  g rav ity  anomalies with geothermal targets occurs
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in the Imperial Valley o f southern C a li fo rn ia .  The Imperial Valley is  a 
Known Geothermal Resource Area (KGRA) which is situated in the center o f  
the Sal ton trough. This trough is a 300 kilometer long graben north of  
the Gulf o f C a lifo rn ia  which is thought to be the northern extension of  
the East P ac ific  Rise. Gravity measurements have been extremely valuable  
fo r  outlin ing  d r i l l in g  targets in th is  region of abnormally high heat 
flow, as i t  has been found that several prominent g rav ity  highs (with  
closures of 2 to 22 m i l l ig a ls )  co rre la te  extremely well with high heat 
flow areas (Combs and M u ff le r ,  1973). In te re s t in g ly ,  these grav ity  
highs have no geological expression a t  the surface, thermal or otherwise. 
They are believed to be caused by s i l ic a  deposition and by low grade 
metamorphism of the loosely consolidated sediments in the va lle y  by 
r is ing  plumes o f hot water, resu ltin g  in increased density of the 
sediments (Meidav, 1970).
In other geologic se tt in g s , geothermal reservoirs may be repre­
sented by negative g rav ity  anomalies, or g rav ity  lows. I t  has long been 
thought th at a body of cooling magma emplaced in the shallow crust 
should be represented by a g rav ity  low due to the lower density of the 
molten or semi-molten rock. This appears to be va lid  in the case of a t  
least three known geothermal areas. At The Geysers, C a li fo rn ia ,  the 
only geothermal area in the United States which is curren tly  producing 
e le c t r ic i t y ,  a major g rav ity  low (25 m i l l ig a ls  closure) coincides with  
the general area o f thermal features . The low is centered ju s t  to the 
northeast o f  the producing Geysers dry steam f i e l d ,  and i t  is  believed  
to represent a molten or near-molten in tru s ive  body at a depth o f 6 km 
or so (Chapman, 1975; Anderson and A x te l l ,  1972).
A s im ila r  s itu a tion  is observed a t  Lard ere llo , I t a l y ,  another
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producing dry-steam f ie ld .  Here several negative g rav ity  anomalies o f  
10 to 25 m il l ig a ls  closure, and averaging 15 X 30 km in areal ex ten t,  
are believed to be caused by the low-density e ffe c ts  o f  buried in trus ive  
bodies (McNitt, 1965). Perhaps the most s tr ik in g  example o f th is  type 
of g rav ity  signature, however, is  found in Yellowstone National Park. 
Here three d if fe re n t  geophysical to o ls— g ra v ity ,  magnetics, and se is ­
mology— have recently  been applied by the Geophysics Branch of the U.S. 
Geological Survey to te s t the theory of the presence o f a body of molten 
rock buried at shallow depths beneath the Yellowstone plateau (Eaton 
et a l . ,  1975). The complete Bouguer g rav ity  map is characterized by a 
large g rav ity  low (with a closure of more than 50 m i l l ig a ls )  which 
approximately underlies the position of the Quaternary caldera in the 
Park, 85 km long and 55 km wide. I t  is thought that the steep g rav ity  
gradient enc irc ling  the anomaly outlines the steeply dipping margins o f  
a low density body o f magma.
Other attempts a t  o u tlin in g  geothermal reservoirs with grav ity  
have not met with such success. This is p a r t ic u la r ly  true in the 
volcanic te r ra in  of the geothermal f ie ld s  in New Zealand, where g rav ity  
and magnetic studies were in i t ia te d  as early  as 1949 on the premise that  
steam and hot water systems were s tru c tu ra l ly  con tro lled , and therefore  
could be delineated by structura l exploration methods (Hatherton e t  a l . ,  
1966). Some e a rly  in te rp re ta tion s  a t  the Wairakei f ie ld  a ttr ib u ted  
s l ig h t ly  pos itive  g rav ity  anomalies in the thermal area to u p l i f t  o f a 
horst block of dense basement rocks (M cNitt, 1965). More deta iled  
studies during the 1960's, however, indicated th a t much o f the g rav ity  
r e l i e f  in these large and complex volcanic f ie ld s  is due to la te ra l  
density varia tions w ith in  the volcanic rocks themselves. While some of
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th is  va ria tio n  may be due to hydrothermal a l te ra t io n  w ith in  the 
volcanics, i t  was concluded that g rav ity  was not a very d e f in i t iv e  tool 
fo r  locating e ith e r  subsurface reservoirs or zones o f f lu id  movement 
(Hochstein and Hunt, 1970; Hatherton e t  a l . ,  1966).
The geologic configurations where g rav ity  may prove to be o f  
greatest value in geothermal exploration are those s im ila r  to the Basin- 
and-Range province of the southwestern United States. Due to the large  
density contrast between sedimentary va lle y  f i l l  and surrounding bedrock 
in the u p lif te d  mountain blocks, g rav ity  is a very e f fe c t iv e  tool fo r  
determining basin configuration. This information can be as useful in 
geothermal exploration as i t  has proven to be in exploration fo r  o i l  
reservoirs under deep sedimentary cover. Bounding fa u l t  zones, which 
commonly act as permeable channels fo r  the c irc u la t io n  of geothermal 
f lu id s ,  appear as zones of steep gradient on the Bouguer g rav ity  map o f  
an intermontane basin.
An example of th is  application  o f the g rav ity  method is provided 
by White's c lass ic  study of a hot spring system a t Steamboat Springs, 
Nevada (White e t  a l . ,  1964). C r i t ic a l  geology in the area is concealed 
by alluvium, and g rav ity  work was extremely useful fo r  locating buried 
fa u l t  scarps (the zones of thermal f lu id  transport) and describing the 
general form and thickness in sed im en t-fi l led  basins.
Another example is provided by the Basin-and-Range province 
of southwestern Utah. Most o f the Cenozoic igneous outcrops in the 
state are located in th is  area, along with the hot springs of highest 
temperature and s i l ic a  content (Hewitt e t  a l . ,  1972). Unfortunately, 
47% of the surface in southwest Utah is  obscured by alluvium , so 
that deta iled  structura l information is very sparse. Undoubtedly
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g rav ity  surveying w i l l  play an important part in defining local structure  
in th is  important geothermal resource area.
Thus i t  is seen th a t the g rav ity  method does have an important 
place in geothermal exp lora tion , although the anomalies of in te re s t  can 
be quite varied in nature. Moreover, due to the fa c t  tha t an in f in i t e  
number of models can produce a given g rav ita tion a l anomaly, the method 
is subject to gross m is in terpreta tion  unless i t  is combined with other 
exploration methods (Combs, 1972).
Magnetic Surveying
Magnetic surveying also belongs to the category o f exploration  
methods known as structural or in d ire c t  methods. In a magnetic survey, 
a magnetometer is employed to measure local d ifferences in the in te n s ity  
of the earth 's  magnetic f i e l d ,  which are p r in c ip a lly  due to the re la t iv e  
abundance of the magnetic mineral magnetite. The magnetic method is 
sim ilar in p rinc ip le  to the g rav ity  method, in that both measure v a r ia ­
tions in the strength o f a potentia l f ie ld  (N e ttle to n , 1971; Dobrin, 
1960). Field instrumentation in use today is  generally capable of 
sensing varia tions in magnetic in te n s ity  on the order o f one part in 
60,000.
Two modes o f operation are possible in magnetic surveying: 
airborne or ground-level. The airborne survey is by fa r  the fa s te r  and 
less expensive, and i t  is widely used in petroleum and mineral explora­
tion  fo r  reconnaissance surveying. The airborne magnetometer measures 
the magnetic f i e ld  a t  a considerable distance above the earth 's  surface, 
so that i t  integrates near-surface e ffe c ts  with larger regional features .  
Thus the airborne survey is most useful fo r  defining the broader, and
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generally deeper, anomalies. The ground survey, however, is  much more 
sensitive to near-surface magnetization contrasts, so th a t i t  is  most 
useful fo r  locating and defining smaller scale, near-surface bodies.
In the e a r l ie s t  stages o f geothermal exp lora tion , i t  was thought 
that deta iled  ground magnetic surveys might be valuable fo r  locating  
zones of hydrothermal f lu id  transport, fo r  magnetite is often a lte red  to 
non-magnetic p yrite  in such zones. Thus i t  was postulated that potentia l 
d r i l l in g  s ites would appear as lows on a magnetic contour map (McNitt, 
1965; Banwell, 1970).
This concept has had some lim ited  success. White and others 
(1964), fo r  instance, found that the zones of near-surface and deep 
hydrothermal a l te ra t io n  a t Steamboat Springs, Nevada, were c le a r ly  
delineated on the magnetic map as prominent negative anomalies. In 
New Zealand, however, the complexity o f the magnetic patterns in the 
extensive volcanic f ie ld s  appears to mask any d ire c t  re la tion sh ip  which 
might ex is t between magnetic anomalies and the occurrence of hydrothermal 
f lu id s  (Hatherton e t  a l . ,  1966).
Since volcanic rocks tend to be highly magnetic, however, 
magnetic surveying can be a very useful technique fo r  defining the areal 
extent of a volcanic f ie ld  ( e .g . ,  Davis e t a l . ,  1965). As previously  
noted, a l l  producing geothermal f ie ld s  are found in regions of Cenozoic 
volcanism. Thus areas of in te re s t may be expected to possess large  
positive magnetic expression, so that the magnetometer is a useful 
instrument fo r o u tlin in g  such areas.
Magnetic surveying may also be valuable fo r  helping to locate  
buried cooling plutonic bodies by th e ir  d ire c t  expression in the earth 's  
magnetic f i e ld .  I t  is  well known that a l l  magnetic substances lose
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th e ir  magnetism upon being heated above a certa in  temperature, known as 
the Curie point fo r  that substance. The magnetic mineral magnetite has 
a Curie temperature of 578°C in i ts  pure form, but titanium  substitution  
in the crystal l a t t i c e  can drop the Curie point as low as 120°C. Thus 
i t  might be expected th a t the ea rth 's  magnetic f ie ld  w i l l  ex h ib it  a 
negative anomaly above a cooling body of magma in the upper 10 km or so 
of the crust. This indeed appears to be the case over the caldera in 
Yellowstone National Park. The residual to ta l in te n s ity  aeromagnetic 
map of Yellowstone Park exh ib its  a prominent area o f broad magnetic lows 
inside the caldera, surrounded by a series of magnetic highs. This 
broad area of low magnetization is interpreted as ind icating  the e x is t ­
ence of a shallow in trus ive  body above i t s  Curie temperature (Eaton 
et a l . ,  1975). Mathematical methods are ava ilab le  fo r  ca lcu la ting  the 
depth to the Curie temperature from magnetic maps of s u f f ic ie n t  areal 
extent, and such a ca lcu la tion  fo r  Yellowstone y ie lds  a depth o f 10 ± 3 
km below sea level (Smith e t  a l . ,  1974).
When the large negative g rav ity  anomaly which is observed over 
the Yellowstone caldera is  compared with the magnetic anomaly, i t  is  
evident that the two methods are complementary. McNitt (1965) has 
pointed out th a t magnetics may be valuable fo r d istinguishing those 
grav ity  anomalies which are due to s tructura l r e l i e f  from those which 
represent buried volcanic or plutonic bodies.
As in the case with g rav ity  surveying, perhaps the most valuable 
contribution of magnetic surveying over geothermal areas w i l l  be in the 
delineation of buried structure in the Basin-and-Range structural 
province. The greatest use fo r  aeromagnetic surveying in petroleum 
exploration has been to define depth to basement over deep sedimentary
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basins, since the sources of magnetic anomalies in these basins are 
generally w ith in  the basement rocks (N e tt le to n , 1971).
Thus magnetic surveying provides many useful clues in the search 
fo r geothermal resources. In general, however, a magnetic map is  d i f f i ­
c u lt  to in te rp re t  with regard to the presence o f a geothermal re se rv o ir ,  
so that th is  exploration method is commonly considered to be the tool 
least valuable fo r  d e f in it io n  of geothermal d r i l l in g  targets (Combs and 
M u ffle r, 1973).
Chapter 3
SURVEYS AND RESULTS
The geothermal investigations conducted in the Bearmouth area 
included geochemical sampling o f the thermal springs, age dating of the 
volcanic rocks, microearthquake monitoring, ground magnetic surveying, 
and gravity surveying. The extent o f the area which was selected fo r  
detailed investigation is indicated on the summary map. Figure 7. The 
surveys and resu lts  are discussed in the following paragraphs.
Geochemical Samples
The waters o f the main thermal springs in the Bearmouth area 
were sampled to determine the subsurface temperature regime o f the geo­
thermal system. The sample locations (indicated on Figure 7) were as 
follows:
W1 - Nimrod pond spring, co llected where warm spring issues 
from dolomite bedrock about 50 m north of tu fa mound, in 
SW% S14 TUN R15W;
W2 -  Byrne spring, co llected  where warm spring emerges from
a l lu v ia l  fan a t  entrance to Byrne Gulch, in SŴ  S14 T llN  R15W;
W3 -  stream water of L i t t l e  Bear Creek, sampled 350 m upstream from 
confluence with Clark Fork River (sampled fo r indication of 
background water chemistry of the a re a ) ,  in NE  ̂ S17 T llN  R14W;
W4 -  warm spring water sampled where spring emerges from Madison 
limestone a t  base o f steep h i l l  slope north of abandoned
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homestead, in SW% S12 T llN  R14W;
W5 -  principal Bearmouth warm spring, sampled where i t  issues from 
base of frontage road f i l l  about a meter above the Clark Fork 
River, in SE  ̂ S l l  T llN  R14W.
In addition to these princ ipa l springs, the sloughs south o f  
W4 and W5 on the opposite side of the Clark Fork River and the Northern 
Pacific  Railroad tracks were observed to have warm waters seeping up 
into them. These waters were not analyzed, however, due to d ilu t io n  
effec ts .
The sampled waters were analyzed by the Water Resources Division  
of the U.S. Geological Survey in Helena. The cation concentrations 
determined by th is  analysis are presented in Table 1 along with other 
pertinent data fo r the thermal springs which were sampled. The sub­
surface base temperatures estimated from these resu lts  are also presented 
in the tab le .
I t  is seen that the s i l ic a  and Na-K-Ca geothermometers y ie ld  
very comparable maximum subsurface temperatures fo r the four thermal 
springs, with the average range being about 50 to 55°C. The Na-K-Ca 
estimated temperatures are perhaps the more r e l ia b le ,  fo r  th is  empirical 
geothermometer was derived from consideration of temperatures ranging 
from 4 to 340‘̂ C (Fournier and Truesde ll, 1973). The dissolved s i l ic a  
results are somewhat questionable, as th is  range l ie s  a t  the very low 
end of the appropriate curve (see Figure 5 ) .  The agreement between the 
two methods, however, lends credence to the re s u lts . Due to the inaccu­
racies in estimating base temperatures in th is  low range, i t  is commonly 
stated in such cases th a t the maximum temperatures at depth are less 
than 60®C (Chadwick, 1975, personal communication).
TABLE 1
BEARMOUTH WATER SAMPLES
Sample
Location
Ca
(ppm)
Mg
(ppm)
K
(ppm)
Na
(ppm)
Cl
(ppm)
Si02
(ppm) pH
W1 127.6 37.8 4.5 12.7 2.0 13.5 6.8
W2 160.3 38.7 4.7 27.5 1.9 14.5 6.8
W3* 52.4 24.9 2.9 5.1 0.1 13.5 6.6
W4 75.3 29.5 2.8 6.3 0.5 11.3 6.8
W5 154.5 43.6 4.7 24.8 1.9 14.5 6.8
Flow
(gpm)
1300
1000
900
200
600
Sample
Location
Discharge
Temp.
m
Si02
Temp.
r c )
NaKCa
Temp.
(*C) Na/K log(Na/K) Ca^Na loq(CaVNa) log K 
2.69W1 22 51 59 4.80 0.681 102.14 2.009
W2 26 53 56 9.95 0.998 52.87 1.723 2.72
W4 17 49 50 3.83 0.583 158.18 2.199 2.78
W5 23 53 57 8.97 0.953 57.56 1.760 2.71
* Surface stream sampled for indication of local background levels CO
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Another somewhat q u a l i ta t iv e  ind icator of r e la t iv e ly  low sub­
surface temperature sources fo r the thermal springs are the high (26 to 
44 ppm) magnesium concentrations in these waters. Owing to the low 
a c t iv i ty  of magnesium below 60°C, the concentration of th is  cation  
increases a t  low temperatures (White, 1970). The high magnesium 
contents of the Bearmouth waters ind icate  that these springs never reach 
subsurface temperatures much higher than the measured temperatures where 
the springs emerge a t the surface (Kaczmarek, 1974).
During a v i s i t  to the Bearmouth area on a f ie ld  t r ip  during the 
spring o f 1974, Dr. D. E. White o f the U.S. Geological Survey pointed 
out another q u a l i ta t iv e  ind icator of r e la t iv e ly  low subsurface tempera­
tures. In the v ic in i t y  o f the Nimrod and Byrne thermal springs (W1 and 
W2) are found extensive deposits o f tu fa . This surface deposition of 
calcium carbonate can occur only where temperatures a t depth are r e la ­
t iv e ly  low, fo r  the s o lu b i l i ty  of c a lc i te  decreases with increasing 
temperature due to the in a b i l i t y  of high temperature waters to re ta in  
carbon dioxide (White, 1970). Thus the tufa deposits a t  Nimrod also 
suggest low subsurface temperatures.
The base temperatures fo r  the Bearmouth thermal springs then 
appear to l i e  in the 50 to 55°C range, well below the 180^0 reservoir  
temperature necessary fo r  the production of e le c t r ic i t y  under present- 
day technology (White, 1973).
Age Dates
During the course o f the geophysical surveys in the Bearmouth 
area during the summer o f 1974, numerous samples of the volcanic rocks 
were collected fo r  the purpose of radiometric age dating. Of these
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f ie ld  samples, three were selected as the most appropriate fo r  the 
potassium-argon process, and the c o lle c t io n  locations o f these specimens 
are indicated on the summary map. Figure 7 (a more deta iled  location  
description is given in Appendix A ). The samples consisted of a rhyo- 
l i t e  and a basalt near Bearmouth and a basalt from lower R a tt le r  Gulch. 
These three samples were prepared fo r  age dating in the an a ly tica l  
laboratory of the Department of Geology a t the University  of Montana and 
then were sent to Dr. Richard Armstrong fo r  analysis in the potassium- 
argon laboratories a t the U niversity  o f B r it is h  Columbia.
The resu lts  o f the K/Ar dating process were as follows (a more 
detailed tabulation can be found in Appendix A): Bearmouth rh y o l ite ,
44.5 ± 2 .0  m il l io n  years (m .y .) ;  Bearmouth basa lt, 44.9 ± 2 .0  m .y.; and 
R attle r Gulch b asa lt, 46.7 ± 2 . 5  m.y. Thus the m ajority  of the volcan­
ics in the Bearmouth area appear to be mid-Eocene in age. The internal  
consistency of the dates, p a r t ic u la r ly  the close agreement between a 
basalt and a rh y o l ite  from the Bearmouth volcanic f i e l d ,  lends great 
support to the accuracy of the dating process fo r  these volcanics.
The volcanics turn out to be considerably older than had 
previously been suspected, fo r  they appear to be re lated  to the C h a ll is -  
Absaroka-Lowland Creek episode o f volcanism (R. L. Armstrong, 1975, 
personal communication). This was a period of widespread and intense 
magmatism and block fa u lt in g  in the northwestern U.S. extending over a 
res tr ic ted  time span between 53 and 40 m.y. ago. The episode seemingly 
terminated ra ther abruptly  w ith a s h i f t  o f the volcanic centers from the 
Rocky Mountain province to the region o f the present-day Cascade Range 
(Armstrong, 1974; Christiansen and Lipman, 1972).
Although the bulk o f the Bearmouth volcanics appear to be
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mid-Eocene in age, there s t i l l  remains the question of whether some 
features of the volcanic f ie ld s  may possibly be younger. In p a r t ic u la r ,  
a prominent cinder cone and associated maar craters found in the western 
part o f the R a tt le r  Gulch volcanic f ie ld  (located about a mile north of  
the R a ttle r  Gulch age dating sample. Figure 7) appear to be Pleistocene 
in age on the basis o f geomorphic evidence (A lt  e t  a l . ,  1971). An age 
date on the cinder cone i t s e l f  would have been des irab le , but surface 
samples were considered to be much too scoriaceous and weathered to be 
suitable fo r  the K/Ar process. An accurate date on th is  youthfu l-  
appearing volcano would probably require d r i l l in g  into i t s  core fo r  an 
appropriate fresh sample.
An important tectonic im plication derived from the age date on 
the Bearmouth rh y o l ite  is th a t movement has occurred on the Montana 
lineament in th is  area since mid-Eocene time. The quarry beside the 
rhyolite  outcrop exh ib its  prominent sub-horizontal slickensides in an 
east-west d irec tion  on exposed faces of an associated welded t u f f .  The 
sense of movement, based on the appearance of the chatter marks, appears 
to be l e f t  la te r a l .  S im ila r slickensides are evident in a road cut in 
the Madison limestone about 2 miles fa r th e r  east on former U.S. Highway 
10, now the frontage road. These indicated movements may be re lated to  
late-stage sinking and adjustment o f the Sapphire tectonic block 
(Hyndman e t a l . ,  1975).
Aside from tecton ic  im plications, however, the mid-Eocene age 
established fo r  the Bearmouth volcanic f ie ld s  v i r tu a l ly  rules out the 
p o s s ib il ity  tha t the source of heat fo r  the thermal springs in the area 
is a s t i l l -c o o l in g  body o f igneous rock a t  a shallow depth in the crust. 
As indicated in Chapter 2, the U.S. Geological Survey considers that
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volcanics must be younger than Miocene age ( i . e . ,  less than about 7 m.y. 
old) in order to s t i l l  possess any s ig n if ic a n t  heat storage near the 
earth 's  surface (M u ff le r ,  1975; Godwin e t a l . ,  1971).
Using the method of Jaeger (1957), Blackwell has performed some 
calculations on residual heat storage in the c o rre la t iv e  Lowland Creek 
volcanics (dated as approximately 50 m.y. o ld ) in the v ic in i ty  of the 
Boulder batho lith  near Butte, Montana (Kaczmarek, 1974). Blackwell and 
Robertson (1973) concluded that "the thermal consequences of these 
e a r l ie r  igneous events [ i . e . ,  the Lowland Creek volcanic episode] have 
long since been d issipated , however, and make no contribution to the 
present heat flow ."  Thus a heat source other than a shallow cooling 
body of igneous rock is apparently required to explain the existence of  
the thermal features found in the Bearmouth area.
Microearthquake Survey
Field methods. Seismograph networks were maintained in the Bear­
mouth area fo r  two d if fe re n t  in te rv a ls  during the summer of 1974 fo r  the 
purpose of monitoring local microearthquake a c t iv i t y .  Instrumentation  
consisted of four Sprengnether MEQ-800 portable high-gain microearthquake 
recorders u t i l i z in g  1 Hz v e r t ic a l  component seismometers. Recording was 
on smoked paper records a t  60 mm/min, with a timing accuracy of about 
0.1 second. By positioning the seismometers on Paleozoic and Precambrian 
bedrock outcrops, i t  was possible to operate the systems at magnifica­
tions ranging from 6 X 10^ to 2 X 10^ a t  10 Hz.
For four days in e a r ly  June three of the portable microearthquake 
instruments (MEQ's) were operated in a t r i p a r t i t e  array surrounding the 
major thermal springs in order to achieve a prelim inary indication of
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the local level of se ism ic ity . The locations of these MEQ stations are 
indicated by tr ian g u la r  symbols on the summary map. Figure 7. No local 
microearthquake events were detected during th is  early  recording period.
Then fo r  two weeks in la te  September and early  October a f iv e -  
station array was maintained. The locations of these array stations are 
indicated by the square symbols on Figure 7. Four o f the stations were 
portable MEQ's (Ten M ile ,  Smith Gulch, Welch Gulch, and Tigh Creek).
The Smith Gulch u n it ,  in the center of the array , was positioned less 
than 1 km from the princ ipa l thermal springs in the Bearmouth area. The 
f i f t h  array s ta t io n . Wild Horse Parks (WHM), was a permanent radio  
telemetry seismograph sta tion  in s ta lle d  during the summer by the s ta f f  
of the Earthquake Laboratory a t the University  o f Montana. I t  is the 
southwesternmost seismograph of an e ig h t-s ta t io n  USGS array designed to 
monitor earthquake a c t iv i t y  in the Ovando-to-East Helena region.
Toward the end of September a b last a t a large limestone quarry 
on the eastern edge o f the study area was timed and simultaneously 
recorded a t  the MEQ stations in order to determine a local ve loc ity  
model fo r the purpose o f locating hypocenters.
In te rp re ta tion  of re s u l ts . The Wild Horse Parks telemetry station  
was ins ta lled  during the f i r s t  week in August, 1974, so that i t  e ffe c ­
t iv e ly  acted as a continuous monitor of local microearthquake a c t iv i ty  
in the Bearmouth area fo r  the l a t t e r  portion of the summer. By exami­
nation of the m icrofilm  record from the USGS array a t the University o f  
Montana Earthquake Laboratory, i t  was found that there did indeed appear 
to be local microearthquake a c t iv i t y  near WHM. The average rate  of 
occurrence, however, was not very g rea t, as ten events were detected in
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the period from August 9th to October 7th. Of these ten events, two 
occurred during the MEQ monitoring period. The f i r s t  was on September 
24th, but i t  was so small and local tha t i t  only appeared on WHM. The 
second event occurred about 10:30 PM (local time) on September 30th and 
was recorded on a l l  the Bearmouth array s ta tio n s , as well as on the 
Helena array stations a t Helm ville and Coopers Lake and on the World 
Wide Network sta tion  a t  Missoula (MSO). The various a rr iv a l  times were 
used as inputs fo r  HYP071, a computer program which was developed at the 
National Center fo r Earthquake Research fo r  the purpose of determining 
locations of local earthquakes (Lee and Lahr, 1971). The epicenter of 
the September 30th event was thereby found to be located in the 
Sk% S35 T llN  R15W, about 3 miles west-southwest of the Welch Gulch MEQ 
station in a zone of complicated th rust fa u lt in g  (see location on 
summary map. Figure 7 ) .  The magnitude o f the event was about 1.0 on the 
Richter scale, as determined from MSO records. The earthquake was 
well removed from the thermal features in the Bearmouth area, and i t  
does not appear to be re la ted  to any geothermal a c t iv i ty .
Since one would expect to record several microearthquakes per 
day in an active geothermal area (Ward, 1972), the very low level of 
seismicity in the Bearmouth area suggests the absence of any substantial 
geothermal reservoirs . Experience gained in the monitoring o f micro­
earthquakes in known geothermal areas indicates that the process is 
seemingly a continuous one. Therefore, the 2 to 3 weeks of recording in 
the Bearmouth region is considered to have established a reasonably 
accurate picture of the general level o f seism icity in the study area.
Aside from geothermal considerations, a broader implication of 
the results of the MEQ surveys is that the Montana lineament is no
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longer active  in th is  region. The events which do appear infrequently  
on WHM seem to be re la ted  to a c t iv i t y  fa r th e r  to the north, in the 
Ovando-Coopers Lake-Helmville area. Thus i t  is  conceivable th a t the 
zone o f deep crustal disturbance which created the features o f the 
Montana lineament in th is  region has now migrated fa r th e r  to the north.
Ground Magnetic Survey
Field methods. A to ta l  in te n s ity  ground magnetic survey was 
conducted over the Bearmouth study area during the spring and summer of 
1974 using a Geometries Model G-816 portable proton magnetometer. The 
e ffe c tive  s e n s it iv i ty  and re p e a ta b i l i ty  o f th is  instrument is 1 gamma, 
re la t iv e  to a to ta l  f i e ld  strength of about 57,700 gammas in the study 
area. The areal coverage by the magnetic survey was approximately 75 
square miles and is indicated on the summary map (Figure 7) by the heavy 
black o u tl in e . A to ta l  o f 279 stations were occupied, resu lting  in an 
average density of b e tte r  than three stations per square m ile. The 
survey was designed to include a major portion of the surface outcrops 
of volcanic rocks in the Bearmouth area, but i t  also extends over the 
adjacent sedimentary rocks in order to determine regional trends in the 
magnetic f i e ld .
Diurnal d r i f t  was removed from the magnetic data by obtaining  
magnetograms from the USGS Geophysical Observatory at Newport, Washington 
A problem was encountered in applying th is  method fo r removal of the 
daily  magnetic f i e ld  v a r ia t io n s , but the problem was not considered to 
be serious because of the large to ta l  f i e ld  r e l i e f  (approximately 1600 
gammas) in the study area (see Appendix B).
Another problem encountered in the f ie ld  was that o f noise in
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in the readings. High magnetic gradients existed over the volcanic  
rocks, so that readings d i f fe r in g  by as much as several hundred gammas 
could frequently be obtained by moving the sensor a matter of 50 m or 
so. A method suggested by the manufacturer of the magnetometer was used 
to p a rt ly  overcome th is  problem. When located over the volcanics, a 
station observation consisted of the average o f f iv e  separate readings 
at the center and points o f a cross pattern measuring about 15 m on a 
leg. This averaging technique helps to cancel out some of the noise 
over highly magnetic surface rocks (Breiner, 1973). No s im ila r  noise 
problem was observed a t stations located on the surrounding sedimentary 
rocks.
The regional magnetic gradient was removed from the data by 
consulting the Total In te n s ity  Chart o f the United States published by 
the National Oceanic and Atmospheric Administration.
In te rp re ta tio n  of re s u lts . The contour map which resulted from the 
ground magnetic survey is presented in Figure 8. The surface outcrops 
of volcanic rocks as mapped by Kauffman (1963) and Maxwell (1965) are 
indicated by the patterned areas on the map. The map is contoured a t  a 
100-gamma contour in te r v a l ,  and i t  shows that the ground level magnetics 
are la rge ly  an expression o f the d is tr ib u t io n  of the highly magnetic 
volcanic rocks in the Bearmouth area. Furthermore, th is  high magnetic 
expression is la rg e ly  confined to the mapped outcrops of the volcanics, 
indicating th at the igneous rocks are apparently no more extensive than 
they appear to be a t  the surface. These observations co rre la te  well 
with e a r l ie r  in te rp re ta tio n s  o f flow structures with in  the volcanics.
At many places in the Bearmouth area, funnel-shaped fo l ia t io n s  are quite
RI5W RI4W RI4W RI3 *
TIIN
KEY
u g f f i i i ic  csnto<jii 
onloi» i^ltr irC l lOO aommûl
Mochuf#* e r io i  x tf 'c o t
M û jr i f lX  i r « t i 0D
M ie iu r id  nraiiRiurA or 
mwm 'n t« A i i i |
; iû l f d  ar c io i id  IM
Owfcrop» of • i t f u t i t e  
•g n fo u i roefci o i  mopp#?
B; K0uff«0A (»9€9i ord 
H o k v I ' I  .
W aj ## c# D offo  or org ffO 'y sofum
Rf^iûAol rpogMf.c y a g 'd n î r iT io v id
SQIQCE
B o n  from J S G#*'0#ioof Swrvoy 
ropogrophic quodron j l# *
Bformoulh, 195$, Orummomd, '9 )6 , 
Union p « o k j9 6 S , C ifaorion Moynrofn» 
>M5-. ond Wild H û rir  Po %* 96S
INDEX MAP
-■/ hhÎkf? ■
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evident in the basalts , whereas the widespread horizontal fo l ia t io n  more 
ch arac teris tic  o f regions of extensive horizontal lava sheets is not 
observed here. The funnel-shaped fo l ia t io n s  have been interpreted as 
representing scattered vents and conduits, suggesting th a t the volcanics 
found here are "local patches o f extrusive and hypabyssal igneous 
m ateria ls , never much more extensive than now mapped" (Kauffman, 1963). 
The ground-level magnetics seem to support th is  conclusion.
An in te resting  comparison can be made between the ground-level 
magnetic map and an e a r l ie r  to ta l in te n s ity  aeromagnetic map o f the 
Montana lineament (Douglas, 1972). A portion o f th is  aeromagnetic map 
which includes the Bearmouth study area is reproduced in Figure 9. As 
mentioned in Chapter 2, near-surface, short-wavelength bodies tend to 
have l i t t l e  expression on an aeromagnetic map due to f l ig h t  e levation , 
whereas the deeper, broader features tend to be emphasized. The Bear­
mouth area is no exception, fo r  the large expression of the volcanics on 
the ground-level magnetic map is seen to be g rea tly  smoothed out on 
Douglas's map, although the trends are s t i l l  quite apparent. The heavy 
600-gamma contour, fo r  instance, c lose ly  follows the trend of the ground 
level magnetics north of the Clark Fork River. The low in the northwest 
corner of the map area is  outlined on both maps, and the 600-gamma 
contour makes strong loops around the major ground-level high ju s t  north­
west of Bearmouth and also around the R a tt le r  Gulch volcanic f ie ld  at  
the eastern side o f the map. In general, the strong positive expression 
of the volcanics on the ground level map is represented by a prominent 
southeast-trending ridge on the aeromagnetic map.
Since anomalies on aeromagnetic maps usually represent deep- 
seated bodies in the c ru s t,  i t  would be expected th a t i f  a more
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substantial subsurface body of igneous rock were present in the Bear­
mouth area i t  would have expression on the aeromagnetic map. Such 
anomalies are common on Douglas's map, as over the stocks of the Garnet 
Range to the north o f Bearmouth and over the plutons in the F l in t  Creek 
Range to the southeast. The lack o f any such expression in the portion  
of the aeromagnetic map over the Bearmouth area lends fu rther support to 
the conclusion that the igneous rocks in th is  area are no more extensive 
than now mapped on the surface.
The predominant s tructura l trend in the Bearmouth area is 
expressed by the alignment o f  magnetic anomalies in a northwesterly 
d irec tio n , as well as by the general o rien ta tio n  of the 57,700-gamma 
contour. This agrees well w ith the mapped trend of the major folds in 
the region, which was found to be N 70° W (Kauffman, 1963).
Expressions o f a geothermal system o f any consequence are not 
apparent on the ground-level magnetic map. The low anomalies seen on 
the map are not ind ica tiv e  o f zones of hydrothermal a l te ra t io n ,  which 
might constitu te  targets on a magnetic map of a high-temperature system. 
Rather the lows are the consequence of induced magnetization in a non­
vertica l magnetic f i e l d ,  fo r  the prominent lows l i e  on the northeast 
side of major highs in the d irec tio n  o f magnetic north, as would be pre­
dictable from th eo retica l considerations (Breiner, 1973; Banwell, 1970).
Gravity Survey
Field methods. A g ra v ity  survey was conducted over the same portion  
of the Bearmouth area th a t was covered by the ground magnetic survey 
(Figure 7 ) .  A to ta l  o f  171 stations were occupied, resu lting  in an 
average density o f b e tte r  than two stations per square m ile. A portable
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Worden Gravimeter with a d ia l constant o f 0.0877 m il l ig a ls  per d ia l  
div is ion  was used to obtain the r e la t iv e  g rav ity  readings. Three 
readings were taken a t  each sta tion  and then averaged to y ie ld  the 
station value. D r i f t  curves were obtained by returning to the primary 
base stations every 2 to 3 hours or by reoccupying intermediate bases a t  
the same in terva l fo r  more inaccessible areas. Two local base stations  
were established fo r  the survey, one north o f the Clark Fork River and 
the other south. Both stations were linked to an absolute g rav ity  
station on the U n ivers ity  o f Montana campus in Missoula (see Appendix C).
Gravity stations fo r  the survey were located a t  bench marks and 
spot elevations published on USGS topographic maps of the area. A few 
elevations were estimated by in te rp o la tio n  between 40-foot contour lines  
in more rugged areas, w ith a maximum erro r of about ±10 fe e t (0 .6  m i l l i -  
g a l) .
The observed g rav ity  values were reduced to the Bouguer anomaly 
by standard methods. Some d i f f i c u l t y  was encountered in determining 
te rra in  corrections because of the severe dissection of the topography 
in the Bearmouth area (see Appendix D).
In te rp re ta tio n  of r e s u l ts . The complete Bouguer g rav ity  map o f the 
Bearmouth area is presented in Figure 10, which is contoured a t  a 2- 
m illig a l contour in te rv a l .  The most s tr ik in g  feature of the map is the 
predominant northwest-southeast trend of the contours and alignment of  
anomalies. This trend c lose ly  matches the N 70° W bearing of the major 
folds mapped in the area (Kauffman, 1963).
Superimposed on th is  predominant structural grain is  the expres­
sion of the Bearmouth th rust zone. The Bearmouth thrust resulted from
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fa i lu r e  o f the southwest flanks o f major folds in the area, possibly 
related to movement o f the Sapphire tectonic block. Thrusting was 
toward the northeast along several planes, with the minimum s t r a t i ­
graphie throw in the western part o f the map area estimated to be 15,000 
fee t (Kauffman, 1963). The zone o f the edge of the major th rust sheet, 
as inferred from the g rav ity  contours as well as from the mapped geology, 
is indicated on the Bouguer map by the blocky dashed l in e .
The major anomalies on the Bouguer map, the g rav ity  lows, appear 
to be associated with the bodies o f extrusive igneous rocks in the area. 
In p a r t ic u la r ,  the prominent low in the south central portion of the map 
area and also the low in the northwest corner are thought to be expres­
sions of two of the major vents in the Bearmouth area through which the 
molten igneous m ateria ls were extruded in Eocene time. The northwest 
anomaly is p a r t ic u la r ly  suspect in th is  regard in th a t i t  is coincident 
with the principal anomaly on the aeromagnetic map o f the Bearmouth area 
(see Figure 9 ) .
Mo major g rav ity  anomaly is evident in the v ic in i ty  of the main 
thermal springs in the area, although i t  is in teresting  to note th a t the 
springs l i e  w ith in  the zone of the edge of the Bearmouth thrust sheet. 
Thus, even though evidence presented in preceding sections precludes the 
association of the thermal features with a s t i l l -c o o l in g  igneous body a t  
a shallow depth in the c ru s t, the g rav ity  data seem to indicate that the 
warm springs are c lose ly  re la ted  to a s ig n if ic a n t  structural zone in the 
region.
Chapter 4
SUMMARY AND CONCLUSIONS
P o ss ib il i ty  o f Anomalous Magmatic Heat Source
The primary purpose of the investigations undertaken in the 
Bearmouth area was to discover i f  there might possibly e x is t  a buried 
magmatic heat source associated with the volcanics which could explain  
the thermal features found in the area. The resu lts  of the surveys in d i­
cate that such a heat source is not present. The age dates found fo r  
the volcanics ru le  out the p o s s ib i l i ty  o f any residual heat storage in 
the igneous rocks a t  depths shallow enough to be o f economic in te re s t .
The geochemistry of the thermal springs supports th is  conclusion, in that  
the maximum temperatures which the waters experience a t  depth are quite  
moderate (less than 60®C and possibly in the 50 to 55®C range). There 
was found to be no microearthquake a c t iv i t y  associated with e ith e r  the 
thermal features or the volcanic f ie ld s ,  and almost n eg lig ib le  seism icity  
was observed fo r  the e n t ire  study area, fu rth e r  suggesting the u n l ik e l i ­
hood of an anomalous geothermal reservo ir a t  depth in the region. The 
gravity and magnetic surveys were less d e f in i t iv e ,  but the ground magnet­
ics did substantiate Kauffman's (1963) conclusion that the volcanic 
rocks are no more extensive than now mapped a t  the surface. The grav ity  
survey provided no d ire c t  expression of e i th e r  the presence or absence of 
a geothermal re s e rv o ir ,  but the g rav ity  map does show that the thermal 
features are located in a prominent structura l zone in the Bearmouth area
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Thus the p o s s ib il ity  o f a buried magmatic heat source seems 
remote, but there remains the problem o f accounting fo r the thermal 
springs in the region.
Proposed A lte rn a tiv e  Heat Source
The true source o f heat fo r  the thermal springs in the Bearmouth 
area is believed to be the deep c irc u la tio n  o f normal meteoric ground 
waters in a complex s tru c tu ra l zone w ith in  a region of high crustal heat 
flow . Heat tra n s fe r to the ground water is  by conduction from the 
aquifer rocks, w ith the water temperature being a product o f the local 
geothermal gradient times the depth o f c irc u la tio n .
The p rin c ip a l thermal springs in the Bearmouth area occur on the 
flanks of major fo lds (see Kauffman, 1963). The Bearmouth spring (W5, 
Figure 7) issues from the Madison limestone near the core o f the promi­
nent Bearmouth a n t ic l in e . The Nimrod springs (W1 and W2, Figure 7) 
issue from a s lic e  o f the Hasmark dolomite which was im bricate ly  thrust 
onto the south flan k  of the Mount Baldy syncline, another major fo ld  
involving the massive Madison limestone. These fo lds plunge to the 
southeast, w ith recharge areas o f r e la t iv e ly  high elevation  located to 
the northwest o f both spring systems. That the Madison limestone consti­
tutes a good aq u ife r in th is  region is  evidenced by the common occurrence 
of collapse and solution  features created in th is  formation in a time o f 
k a rs tif ic a tio n  in the Late M ississippian and perhaps as recently  as the 
w etter periods o f the P Iiocene-P leistocene epochs. Furthermore, both 
spring systems occur in the Bearmouth th ru st zone, with evidence of 
fa u ltin g  near the Nimrod springs in the form o f im bricate thrusting  o f 
the Hasmark dolomite and evidence near the Bearmouth spring system
52
consisting o f prominent slickensides in road cuts through the Madison 
1i mestone.
Thus i t  is conceivable th a t meteoric ground w aters, o rig in a tin g  
in high recharge areas to the northwest o f each o f the spring systems, 
are percolating along the flanks o f the fo lds to r e la t iv e ly  deep le v e ls ,  
are heated in equ ilib rium  w ith the geothermal g rad ien t, and then r is e  to 
the surface along the C lark Fork River v a lle y  under therm o-artesian head 
when they encounter the permeable fa u lt  zones o f the Bearmouth th ru s t.
Such s tru c tu ra lly -c o n tro lle d  geothermal systems o f moderate 
temperature are not uncommon in  Montana. Indeed, M u ffle r (1975) has 
concluded th a t , outside o f the eastern Snake River plain-Yellowstone  
region, most o f the thermal springs o f the northern Rocky Mountains 
region are due to deep c irc u la tio n  along fa u lts  and are not re la ted  to 
shallow young in tru s iv e  bodies.
In his geological and geochemical studies o f numerous hot spring 
systems in western Montana, Kaczmarek (1974) s im ila r ly  concluded that 
"Montana hydrothermal systems consist o f deep ground water c irc u la tin g  
in permeable fa u lt  zones, fra c tu re  zones, and v e r t ic a l ly  deformed aqui­
fe rs ."  He found th a t discharge temperatures varied widely fo r Montana 
hot springs. When the s i l ic a  and Na-K-Ca geothermometers were applied  
to the water analyses, however, the base temperatures fo r the geothermal 
systems la rg e ly  f e l l  in to  two categories , which he described as follow s:
The low-temperature group o f base temperatures averages 15 to 
20^0 and usually re s u lts  from c irc u la tio n  in shallow structures  
on the flanks o f u p l i f ts .  The high-temperature group of base 
temperatures averages 100 to 1200C and resu lts  from deep c irc u la ­
tion  in major fa u lts  or in deep regional structures.
Kaczmarek reasoned th at the close grouping o f base temperatures 
fo r the r e la t iv e ly  high temperature category of geothermal systems in
53
Montana would be u n lik e ly  i f  the reservoirs  were due to  intrusions o f 
d is tin c t igneous bodies o f d if fe r in g  ages a t various depths in the crust. 
Instead he suggested th at these systems were more l ik e ly  due to the 
"c irc u la tio n  o f ground water to depths o f approximately 3 km along a 
geothermal gradient o f about 30°C/km."
The carbonates o f the M ississippian Madison Group co n stitu te  one 
of the largest volume aquifers in Montana, and i t  has been observed th at 
most o f the large volume flows o f thermal waters have been from these 
limestones (B a ls ter and G ro ff, 1972). Thus the association o f thermal 
springs in the Bearmouth area w ith major s tructura l features involving  
the Madison limestone is  not a unique set o f circumstances. In fa c t ,  a 
close analogy to the Bearmouth springs can be found ju s t 25 miles 
fa rth e r east, in the drainage o f Warm Springs Creek about 2 miles west 
of Garrison. Approximately 7 miles above the confluence o f th is  drainage 
with the C lark Fork R iver the waters o f the creek, which are non-thermal 
a t th is  p o in t, are observed to disappear in to  the cavernous Madison 
limestone. Between 2 and 3 miles fa r th e r  down the drainage, the waters 
emerge from the limestone as a warm spring w ith a discharge temperature 
of 24^C. There are no volcanics associated w ith th is  thermal system, 
and the added heat ev iden tly  comes from deep c irc u la tio n  in the 
Mississippian carbonates (Chadwick, 1975, personal communication).
A s im ila r  hydrologie s itu a tio n  occurs in the Bearmouth area.
The waters o f Bear Creek, the drainage ju s t  to the west o f the Bearmouth 
thermal springs, disappear underground where the stream encounters the 
Madison limestone about 3 miles above i ts  mouth. Kauffman (1963) has 
previously suggested th a t Bear Creek may co n stitu te  the source fo r  the 
main Bearmouth thermal spring.
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I f  the geothermal grad ient were known in the Bearmouth area, i t  
would be possible to ca lcu la te  the depths to which ground water would 
have to c irc u la te  in order to a tta in  the temperatures o f the Bearmouth 
and Nimrod thermal systems. U nfortunate ly , the geothermal gradient map 
fo r Montana published by the American Association o f Petroleum Geologists 
does not extend as fa r  west as the Bearmouth area, but some measurements 
have been done in  the v ic in ity  in a study o f heat flow associated with  
the Boulder b a th o lith  (Blackwell and Robertson, 1973). The closest 
measurements were a t Deer Lodge, where a geothermal gradient o f 24.2*^C/km 
was found in the Elkhorn Mountains vo lcanics, and northwest o f P h ill ip s -  
burg, where a gradient o f 18.9®C/km was measured in Precambrian Belt 
rocks. Taking 20Pc/km as a reasonable average between these two 
measurements and assuming a mean annual temperature o f 6®C fo r the 
Bearmouth area (Kauffman, 1963), ca lcu la tions ind icate  th a t ground water 
would have to c irc u la te  to a depth o f approximately 2 .2  km to reach the 
base temperatures indicated by the geothermometers fo r  the thermal 
springs. I f ,  on the other hand, the base temperatures indicated by the 
water chemistry are too high, and the waters never are much warmer than 
th e ir  discharge temperatures (22^C), then the necessary depth o f c ircu ­
la tio n  would be less than 1 km. Since the Madison limestone is  about 
0.6 km th ick  in the Bearmouth area and average r e l ie f  in the area is  
around 0.6 km (Kauffman, 1963), the la t t e r  c irc u la tio n  depth is  probably 
the more reasonable. However, the fundamental crustal weaknesses in the 
region which provided avenues fo r in je c tio n  o f the Eocene volcanics 
could conceivably permit c irc u la tio n  o f ground waters deeper in the 
section than the Paleozoic carbonates.
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Geothermal Potentia l in the Bearmouth Area
The absence o f a buried in tru s iv e  heat source in the Bearmouth 
area and the r e la t iv e ly  low base temperatures fo r the warm springs found 
there lead to the conclusion th a t the geothermal resource potentia l fo r  
th is  thermal system is  not very g rea t. Present technology requires  
reservoir base temperatures o f a t le a s t IBO^C and preferably  200°C fo r  
the generation of e le c t r ic i t y  from geothermal f lu id s  (W hite, 1973).
Much research e f fo r t  is  c u rren tly  being directed toward schemes fo r  
producing e le c t r ic i ty  from r e la t iv e ly  1ow-temperature geothermal f lu id s  
by using a heat-exchanger to boil a secondary f lu id  such as isobutane or 
freon. Gas produced from th is  low b o ilin g  point f lu id  is  then used to 
drive a turb ine generator. T h eo re tica lly  such a system could u t i l iz e  
well water down to temperatures as low as 50®C (Anderson, 1973), but the 
costs of large heat-exchange units and the a v a i la b i l i ty  o f large volumes 
of thermal water place p rac tica l lower lim its  on intake temperatures.
The lowest temperature waters thus fa r  employed successfully on a 
production basis fo r  such a heat exchange system, a t  81°C, are u t il iz e d  
in a freon-based generating p lan t on the east coast o f Kamchatka,
U.S.S.R. (Koenig, 1973).
I f  the base temperatures o f 50 to 55°C indicated fo r the Bear­
mouth thermal system are accurate, there is  a p o s s ib ility  th a t the 
thermal waters could be u t i l iz e d  on a local basis fo r space heating, 
e ith e r fo r homes or fo r  ranch stock sh e lte rs . Water temperatures as low 
as 47°C have been used fo r  such purposes in central Russia (Koenig, 1973). 
However, as indicated in  Chapter 3, the Bearmouth water chemistry places 
these thermal springs in a low and somewhat inaccurate range fo r the 
s il ic a  and Na-K-Ca geothermometers. Thus true base temperatures fo r the
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system may possibly be as low as the surface discharge temperatures, a t  
17 to 26°C. I f  th is  is  indeed the case, perhaps the best uses fo r the 
thermal system have already been discovered, i . e . ,  stock feeding in the 
winter and recreational swimming in the summer. A true te s t o f base 
temperatures and resource a v a i la b i l i t y  can be provided only by explor­
atory d r i l l in g ,  a co s tly  venture indeed fo r a system o f such moderate 
p o te n tia l.
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APPENDIX A
AGE DATING SAMPLES
The approximate c o lle c tio n  locations o f the three volcanic rocks 
fo r which radiom etric age dates were determined are indicated on the 
summary map. Figure 7. More s p e c ific  location  information and the 
potassium-argon analysis re su lts  are given below. The analyses were 
conducted by R. L. Armstrong and J. Harakal o f the Department of 
Geological Sciences, U n ivers ity  o f B r itis h  Columbia, Vancouver, Canada.
Bearmouth r h y o lite :
Location -  46.6986°N, 113.3561°W
NE  ̂ S21 T llN  R14W, Granite County, Montana 
Location descrip tion  -  roadcut and quarry on north side of 
former U.S. Highway 10 (now the frontage road) 
approximately 1 m ile southwest o f Bearmouth 
M aterial dated -  potassium fe ldspar 
Age date -  44.5 ± 2 .0  m illio n  years
A nalytical data -  6.51% K; 96% radiogenic;
c  an
11.69 X 10"° cc/gm Ar radiogenic
Bearmouth b a s a lt:
Location -  46.7122°N, 113.3261°W
NŴ  S14 T llN  R14W, Granite County, Montana 
Location descrip tion  -  ra ilro a d  cut on south side o f Burlington
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Northern tracks approximately % m ile east o f 
Bearmouth and due south across the Clark Fork 
River from the northern g ra v ity  base s ta tion  
M aterial dated -  whole rock 
Age date -  44.9 ± 2 .0  m illio n  years 
A n aly tica l data -  2.18% K; 93% radiogenic
3.95 X 10"^ cc/gm Ar*^ radiogenic
R a ttle r  Gulch b a s a lt:
Location -  46.7008°N, 113.2236°W
NŴ  S22 T llN  R13W, G ranite County, Montana 
Location descrip tion  -  exposures on steep h i l l  slope ju s t
to the west o f the junction  o f the R a ttle r  Gulch 
road w ith the Big Horn Calcium Company quarry 
road, approximately h  m ile north o f former U.S.
Highway 10 (now the frontage road)
M ateria l dated -  whole rock
Age date -  46.7 ± 2 .5  m illio n  years
A naly tica l data - 2.08% K; 76% radiogenic;
3.92 X 10"^ cc/gm Ar^^ radiogenic
The constants used fo r the above determinations were as follow s:
Xg = 0.585 X IQ-IO  y r-1  
Xg = 4.72 X 10-10 y r-1  
K^O/K = 1.19 X lQ-4 atom ra t io
Representative hand specimens and th in  sections of the three  
dated rocks have been deposited in the co llections of the Department o f
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Geology a t  the U n ivers ity  o f Montana under pétrographie c o lle c tio n  
numbers UMP3885, 3886, and 3887.
APPENDIX B 
MAGNETIC DIURNAL DRIFT
The removal o f the d a ily  magnetic f ie ld  v a r ia tio n , or d iurnal 
d r i f t ,  from the ground magnetic data was achieved by u t i l iz in g  magneto- 
grams from the USGS Geophysical Observatory a t Newport, Washington.
These magnetograms consist o f p lots o f the va ria tio n s  in magnetic 
d e c lin a tio n , D; v e rtic a l in te n s ity , Z; and horizontal in te n s ity , H, on 
a 24-hour graph. Since the Geometries G-816 proton magnetometer used 
in the Bearmouth survey measures to ta l f ie ld  in te n s ity , F, i t  was 
necessary to a rr iv e  a t to ta l f ie ld  v a ria tio n  by v e c to r ia lly  summing the 
H and Z components using the re la tio n  F = (H^ + Z^)^.
As a check on the f e a s ib i l i t y  of using magnetograms from a 
d is tan t observatory to obtain diurnal d r i f t  fo r  a local survey, magnetic 
readings were taken a t the northern g rav ity  base s ta tion  fo r the 
Bearmouth survey a t  the beginning and the end o f each f ie ld  day. The 
to ta l d r i f t  from beginning to end o f the day a t Bearmouth and a t Newport 
were then compared. E xcellent agreement (w ith in  a few gammas) was 
found fo r  the bulk o f the survey in July and August. For in i t i a l  survey 
stations in A p ril and May, however, located p rim a rily  in the southeast 
portion of the map area, agreement was not as good. The to ta l d a ily  
v a ria tio n  a t the two sta tions would often d if fe r  by as much as 20 to 30 
gammas. The reduction method which was used, th ere fo re , was to assume 
a s tra ig h t- l in e  d r i f t  curve based on the readings a t the Bearmouth base
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a t the beginning and end o f each f ie ld  day. F ie ld  va ria tio n s  fo r  times 
between these two points were then obtained from the Newport magneto­
grams, in much the same manner as the readings from an interm ediate  
base s ta tio n  are u t i l iz e d  in g ra v ity  and a ltim e te r surveying.
Since the contour in te rv a l on the ground magnetic map is  100 
gammas and the to ta l f ie ld  r e l ie f  is  about 1600 gammas, th is  d iurnal 
d r i f t  problem in the e a rly  p art o f the survey is  not considered to be 
serious. I t  does not a ffe c t  the appearance o f the map s ig n if ic a n t ly ,  
so th a t any q u a lita t iv e  in te rp re ta tio n s  are unchanged. I f  q u a n tita tiv e  
in te rp re ta tio n s  were attempted in the southeast portion o f the map area , 
i t  could have a s lig h t bearing on the re s u lts .
APPENDIX C 
GRAVITY BASE STATIONS
Two local base stations were established fo r the Bearmouth 
g ra v ity  survey, one north o f the C lark Fork R iver and the other south.
The f i r s t  is  a Montana Highway Department rig h t-o f-w a y  pin located  
approximately 2130 fe e t  east along former U.S. Highway 10 from the 
junction  w ith  the Bear Gulch road and 75 fe e t north o f the highway 
center l in e ,  in the NVRs S14 T llN  R14W. The e levation  o f the pin is  
3867 fe e t and absolute g ra v ity  a t  th is  base was determined to be 
980.3876 gals .
The second base was established a t USC&GS Benchmark B311, a 
brass cap atop a concrete post located about 0 .9  m ile west o f Bearmouth 
along the Northern P a c ific  Railroad and 334 fe e t  southeast o f the tracks , 
in NW% S22 T llN  R14W. The location  o f th is  benchmark is  indicated on 
the USGS Bearmouth, Montana, 15' topographic quadrangle. The e levation  
of the benchmark is  3786 fe e t and absolute g ra v ity  a t th is  base was 
determined to be 980.3852 gals .
Both local base sta tions were tie d  to the absolute g ra v ity  base 
on the seismic p ie r in the Earthquake Laboratory on the U n ivers ity  o f 
Montana campus, previously established as 980.4466 gals.
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APPENDIX D 
GRAVITY DATA REDUCTION
The observed g ra v ity  values were a l l  d r i f t  corrected and then 
were reduced to the Bouguer anomaly according to the standard re la t io n ­
ship:
B.A. = Obs. Grav. + Elev. Corr. + T e rr. Corr. -  Theor. Grav.^
The e levation  correction  combines the f r e e -a ir  correction  (which reduces 
a l l  readings to a datum a t mean sea le v e l)  and the Bouguer correction  
(which adjusts fo r  the mass of the crust between the s ta tio n  and the 
datum). A mean crustal density o f 2.67 g/cc was assumed, re su ltin g  in  
an e levation  correction  o f 0.06006 m g a ls /ft.
Because the Bouguer correction  assumes a uniform slab o f 
m aterial between the s ta tio n  and the datum, i t  is  necessary to apply a 
te r ra in  correction  to each reading to account fo r  undulations in the 
topography. This task proved to be the most tedious part o f the p ro ject 
because o f the severe d issection of the topography in the Bearmouth 
area. The te r ra in  corrections were computed manually using the zone 
charts and tables published by Hammer (1939) and the extended tables  
published by Douglas and Prahl (1972). The corrections were carried  out 
to zone K on the charts (a distance o f 32,490 fe e t)  fo r a to ta l o f 67 
sta tio n s , or approximately 40% o f the survey. A contour map of the 
calcu lated  te r ra in  corrections was then constructed, and the te rra in  
corrections fo r  the remaining sta tions were obtained by in te rp o la tio n .
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This in te rp o la tio n  technique works f a i r l y  well fo r  regions o f smoothly 
varying topography, but in areas as severely dissected as the Bearmouth 
region i t  must be considered an approximate method a t best. The 
calcu la ted  te r ra in  corrections are thought to be accurate to w ith in  a 
few tenths o f a m i l l ig a l ,  but due to  the ruggedness o f the topography 
the in te rp o la ted  te r ra in  corrections may be in e rro r by as much as a 
m illig a l or two. Therefore, the construction of the Bouguer map was 
heavily  biased toward the sta tions fo r which te r ra in  corrections were 
manually computed.
Theoretical g ra v ity , the la s t  item in the formula given above 
fo r the Bouguer anomaly, was calcu lated  from the in te rn a tio n a l g ra v ity  
formula fo r  v a ria tio n  o f absolute g rav ity  w ith la t itu d e , 0 , on the 
geoid:
90 = 978049 (1 + 0.0052884 sin?* -  0.0000059 sin^Zd) mgals.
The maximum e rro r due to a l l  sources ( d r i f t ,  reading e rro rs , 
elevation  e rro rs , and te r ra in  e ffe c ts ) is  estimated to be less than 3 
m ill ig a ls ,  w hile the average e rro r is closer to ±1 m il l ig a l .
APPENDIX E
TABLE 2
Station
TOTAL INTENSITY GROUND MAGNETIC VALUES
(R e la tive  to a rb itra ry  datum o f 57570 gammas 
a t the northern Bearmouth g ra v ity  base)
Latitude Longitude
Total F ie ld  
In te n s ity  
(gammas)
No.Base N46.71670 W113.3243° 57570
1 46.7304 113.3417 57658
2 46.7368 113.3463 57683
3 46.7406 113.3438 57697
4 46.7524 113.3523 57686
5 46.7438 113.3483 57689
6 46.7208 113.3304 57624
7 46.7234 113.3220 57668
8 46.7243 113.3133 57663
9 46.7280 113.3168 57663
10 46.7360 113.3149 58070
11 46.7408 113.3085 58438
12 46.7419 113.3354 57627
13 46.7195 113.3184 57691
14 46.7031 113.3226 57653
15 46.7036 113.3114 57588
16 46.6816 113.2805 57776
17 46.6880 113.2879 57659
18 46.6936 113.3004 57582
19 46.7458 113.3120 57851
20 46.7334 113.3222 57650
21 46.7287 113.3148 57669
22 46.7269 113.3228 57669
27 46.6874 113.2968 57428
28 46.6726 113.2604 57529
29 46.6790 113.2877 57777
30 46.7123 113.3242 57836
31 46.7030 113.2823 57668
32 46.7071 113.2900 57680
33 46.7108 113.2981 57668
34 46.7057 113.2949 57667
35 46.6978 113.2874 57667
36 46.6933 113.2853 57622
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TABLE 2 (con tin u e d )
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ation Latitude Longitude
Total F ie ld  
In te n s ity  
(gammas)
37 N46.6985* W113.28020 57651
38 46.6945 113.2750 57643
39 46.6960 113.2702 57655
40 46.6925 113.2632 57644
41 46.6993 113.2829 57655
42 46.6906 113.2758 57310
43 46.6838 113.2521 57867
44 46.6867 113.2584 57645
45 46.6875 113.2487 57652
46 46.6894 113.2446 57653
47 46.6867 113.2274 57680
48 46.6861 113.2361 57646
49 46.6820 113.2433 57658
50 46.6775 113.2519 57609
53 46.6680 113.2373 57611
54 46.6693 113.2300 57640
55 46.6696 113.3172 57993
56 46.6738 113.2202 57881
57 46.6761 113.2195 58045
58 46.6829 113.2172 57674
59 46.6651 113.2318 57599
60 46.6698 113.2654 57675
61 46.6575 113.2678 57967
62 46.6523 113.2683 57700
64 46.6743 113.2707 57684
65 46.6854 113.3338 58215
66 46.6764 113.3249 57933
67 46.6720 113.3114 57640
68 46.6669 113.3157 58082
69 46.6718 113.3254 57880
70 46.6872 113.3337 58018
71 46.6822 113.3337 58610
72 46.6864 113.3118 57621
73 46.6743 113.3004 58140
75 46.6597 113.3220 57618
76 46.6582 113.3120 57406
77 46.6562 113.2941 57289
78 46.6582 113.3319 57662
79 46.6620 113.3341 57707
80 46.6550 113.3266 57743
81 46.6508 113.3335 57698
82 46.6590 113.3535 57703
83 46.6689 113.3515 57723
84 46.6720 113.3612 57798
85a 46.6648 113.3549 57737
85b 46.6878 113.3464 57681
86 46.6835 113.3486 57792
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TABLE 2 (continued)
Total Fiel<
:ation
In te n s ity
Latitude Longitude (gammas)
98 N46.6984° W II3 . 2 I I 30 57710104 46.6728 113.3989 57604105 46.6609 113.4037 57771
106 46.6680 113.3899 57670
107 46.6607 113.3925 57709
108 46.6500 113.3608 57688
109 46.6562 113.3727 57694
110 46.6785 113.4051 57534
111 46.6806 113.4073 57600
112 46.6843 113.4095 57636
113 46.6884 113.3989 57663
114 46.6914 113.3900 57665
115 46.6712 113.4109 57814
116 46.6783 113.3933 57575
117 46.6847 113.3827 57655
118 46.6808 113.3735 57512
119 46.6885 113.3643 57662
120 46.6881 113.3738 57672
121 46.6928 113.3770 57694
122 46.6873 113.4191 57648
123 46.7100 113.3179 57520
124 46.7128 113.3171 58507
125 46.7133 113.3131 58546
126 46.6983 113.3309 58683
127 46.6968 113.3240 57701
128 46.7016 113.3281 57616
129 46.7595 113.3536 57708
130 46.7025 113.3536 58204
131 46.7174 113.3347 57284
132 46.7139 113.3358 57889
133 46.7137 113.3514 58320
134 46.7069 113.3402 57772
135 46.7232 113.3400 57829
136 46.7221 113.3532 58579
137 46.7279 113.3565 58878
138 46.7323 113.3533 57557
139 46.7319 113.3692 58782
140 46.7378 113.3691 57841
142 46.7229 113.3668 57635
143 46.7174 113.3741 57680
144 46.7140 113.3689 57678
145 46.7233 113.3773 57676
146 46.7448 113.3541 57713
147 46.7598 113.3753 57712
148 46.7568 113.3839 57376
149 46.7568 113.3657 57714
150 46.7525 113.3703 57689
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TABLE 2 (continued)
atio n Latitude Longitude
151 N46.7306O W113.4184°
152 46.7087 113.4081
153 46.7068 113.4185
154 46.7169 113.4185
155 46.7252 113.4123
156 46.7304 113.4019
157 46.7345 113.4009
158 46.7228 113.3872
159 46.7280 113.3910
160 46.7152 113.3826
161 46.7138 113.3904
162 46.7158 113.3981
163 46.7218 113.3988
165 46.7490 113.3867
166 46.7538 113.3977
167 46.7432 113.3880
168 46.7396 113.3828
169 46.7494 113.3742
170 46.7312 113.3801
172 46.7449 113.4068
173 46.7303 113.3973
174 46.7538 113.4205
175 46.7520 113.4157
176 46.7383 113.4186
177 46.7032 113.4129
178 46.7079 113.3952
179 46.7023 113.3749
180 46.6921 113.4069
181 46.7006 113.3934
182 46.7048 113.3816
183 46.7066 113.3608
184 46.7363 113.3366
185 46.7292 113.3333
186 46.7417 113.3224
188 46.7473 113.3403
189 46.7529 113.3354
190 46.7521 113.3327
191 46.7568 113.3330
192 46.7564 113.3456
194 46.7517 113.3212
195 46.7567 113.3206
196 46.7550 113.3096
197 46.7575 113.3050
198 46.7566 113.2896
199 46.7517 113.3033
200 46.7215 113.3002
201 46.7154 113.2927
Total F ie ld  
In te n s ity  
(gammas)
57691
57673
57687
57691 
57697 
57696
57695
57703 
57701
57692
57693
57696
57700 
57884 
58672
57694 
57665 
57753 
57716
57676
57701 
57625
57735 
57705
57688 
57687
57677 
57680 
57692
57704 
57522 
57696 
57692 
57669 
57718 
57745
57730 
57712 
57715 
57722 
57733 
57743
57736
57731 
57721 
57700 
57910
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TABLE 2 (continued)
;ation Latitude Longitude
202 N46.7599° W113.2678°
203 46.7599 113.2505
204 46,7537 113.2649
205 46.7426 113.2749
206 46,7599 113.2821
207 46.7743 113.2713
208 46.7635 113.2743
209 46.7457 113.2510
210 46.7401 113.2608
211 46.7367 113.2703
212 46.7340 113.2436
213 46.7435 113.2454
214 46.7361 113.2504
215 46.7502 113.2465
216 46.7309 113.2703
217 46.7256 113.2538
218 46.7241 113-2828
219 46.7159 113.2801
220 46.7167 113.2594
221 46.7159 113.2482
222 46.7232 113.2701
223 46.7020 113.2273
224 46.7171 113.2280
225 46.7141 113.2180
226 46.7196 113.2168
228 46.7089 113.2205
229 46.7034 113.2115
230 46.7158 113.2083
231 46.7109 113.2089
232 46.7106 113.2057
233 46.7005 113.2195
234 46.7053 113.2307
235 46.7068 113.2285
236 46.7104 113.2302
237 46.7163 113.2313
238 46.7150 113.2299
239 46.7222 113.2369
240 46.7272 113.2442
241 46.7184 113.2414
242 46.7326 113.2253
243 46.7285 113.2294
244 46.7220 113.2297
245 46,7104 113.2245
246 46.7051 113.2238
247 46.6974 113.2020
248 46.6975 113.2226
249 46.6983 113.2313
Total F ie ld
In te n s ity
(gammas)
57721 
57720
57732
57722 
57731 
57739 
57736 
57562 
57711 
57701 
57716 
57675 
57706 
57711 
57692 
58834 
57704 
57713
' 57718
57697 
58125 
57666
57665 
57920
57666 
57859 
58146 
57623 
58665 
57592
57733 
57680 
57764 
57881 
57678 
57851 
57692 
57684 
57697 
57735 
57715 
57704 
57641 
57720 
57600 
57668 
57690
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TABLE 2 (continued)
Total Fielc
tation Latitude Longitude
In te n s ity
(gammas)
250 N46.7028O W113.2376° 57682251 46.7065 113.2365 57687
252 46.7094 113.2556 57694
253 46.7059 113.2440 57711
254 46.7103 113.2435 57693
255 46.7141 113.2692 57691
256 46.7457 113.2912 57699
257 46.7413 113.2932 57739
258 46.7353 113.2939 57693
259 46.7313 113.2883 57712
260 46.7323 113.3035 57666
261 46.7273 113.2965 57695
262 46.7243 113.2920 57713
263 46.7062 113.2677 57695
264 46.7082 113.2795 57698
265 46.7045 113.2549 57717
266 46.6997 113.2529 57701
267 46.6973 113.2449 57713
268 46.6941 113.2357 57698
269 46.6936 113.2221 57666
271 46.7612 113.2423 57720
272 46.7558 113.2278 57706
273 46.7564 113.2131 57701
274 46.7505 113.2243 57712
275 46.7417 113.2293 57714
276 46.7399 113.2167 57729
277 46.7470 113.2103 57720
279 46.7391 113.2072 57689
280 46.7327 113.2057 57691
281 46.7320 113.2139 57689
282 46.7271 113.2178 5769a
283 46.7236 113.2106 57686
284 46.6926 113.2079 58069
285 46.6931 113.2110 57670
286 46.7173 113.3060 57678
287 46.7429 113.4367 57719
288 46.7383 113.4456 57708
289 46.7316 113.4361 57693
290 46.7285 113.4486 57701
291 46.7224 113.4402 57697
292 46.7209 113.4231 57698
293 46.7112 113.4263 57696
294 46.7156 113.4267 57692
296 46.7736 113.4368 57869
297 46.7617 113.4269 57589
298 46.7593 113.4367 57616
299 46.7514 113.4377 57717
TABLE 2 (continued)
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atio n Latitude Longitude
Total F ie ld  
In te n s ity  
(gammas)
300 N46.7652° W113.4391° 57378
301 46.7700 113.4231 57714
302 46.7694 113.4062 57731
303 46.7637 113.3999 57723
304 46,6651 113.2499 57383
305 46.6822 113.2690 57910
306 46.6954 113.3124 57611
307 46.7026 113.3020 57658
308 46.7078 113.3044 57668
309 46.6976 113.3417 57709
310 46.6930 113.3598 57664
APPENDIX F
TABLE 3
BOUGUER ANOMALY VALUES
(R e la tive  to seismic p ie r in the Earthquake Laboratory a t the 
U n ivers ity  o f Montana w ith an established value o f 980.4466 gals; 
*  denotes s ta tions fo r  which te r ra in  corrections were computed)
S tation Latitude Longitude
Elevation
(fe e t)
Bouguer
Anomaly
(mgals)
No.Base* N46.7167° W113.3243° 3867 -162.02
3 46.7409 113.3447 3996 -159.42
4* 46.7537 113.3496 4126 -159.41
5 46.7438 113.3483 4014 -159.76
8* 46.7243 113,3133 4971 -159.49
9 46.7280 113.3168 4930 -159.05
10* 46.7358 113.3118 5226 -163.77
11 46.7408 113.3085 5205 -160.24
14 46.7031 113.3226 3840 -167.00
15* 46.7025 113.3128 3890 -166.79
16 46.6807 113.2796 4167 -166.90
17* 46.6880 113.2902 4133 -168.74
18 46.6944 113.2993 3949 -167.00
19 46.7458 113.3120 5244 -159.92
20 46.7334 113.3222 4775 -156.91
22 46.7269 113.3228 4650 -158.24
24 46.7061 113.3307 3805 -165.84
25 46.7008 113.3368 3802 -168.29
So.Base (2 6 )* 46.6982 113.3444 3786 -167.87
27 46.6874 113.2968 3991 -168.63
28 46.6731 113.2588 4746 -161.63
29 46.6794 113.2887 4099 -169.40
30 46.7123 113.3242 4077 -164.01
32* 46.7071 113.2900 4692 -159.87
33 46.7108 113.2981 4613 -159.58
37 46.6985 113.2802 4832 -161.35
39 46.6960 113.2702 4916 -160.88
40* 46.6925 113.2632 5024 -162.16
45 46.6875 113.2487 4841 -162.10
46 46.6894 113.2446 5059 -163.67
47 46.6867 113.2274 4893 -165.25
49* 46.6820 113.2433 5005 -163.28
78
s ta tio n
51
52 
53* 
56 
58* 
60 
61 
62* 
63 
64* 
66*  
67 
70* 
72* 
73*
75
76 
77* 
78* 
79 
81 
82 
83 
84* 
85b* 
86*  
87 
88*  
89 
90*
91
92
93
94 
95*
96
97
98
99 
100*  
101*  
102
104
105 
106* 
107* 
108
Latitude
TABLE 3 (continued) 
Longitude
Elevation
(fe e t)
79
Bouguer
Anomaly
(mgals)
N46.6610® W II3.23730 4638 -161.09
46.6586 113.2274 4408 -163.41
46.6680 113.2373 4883 -161.30
46.6738 113.2202 4675 -161.17
46.6829 113.2172 4383 -163.32
46.6698 113.2654 4854 -163.42
46.6585 113.2694 5030 -166.70
46.6523 113.2683 5293 -167.63
46.6586 113.2531 4758 -162.25
46.6731 113.2694 4583 -163.18
46.6764 113.3249 4756 -172.14
46.6730 113.3117 4507 -171.69
46.6877 113.3343 4241 -170.53
46.6880 113.3128 3932 -172.14
46.6743 113.3004 4488 -168.15
46.6586 113.3215 4611 -165.62
46.6586 113.3113 4441 -164.90
46.6562 113.2941 5046 -170.00
46.6586 113.3327 4816 -164.26
46.6620 113.3341 5032 -166.75
46.6512 113.3326 4835 -164.04
46.6584 113.3542 5010 -164.21
46.6689 113.3515 5202 -164.51
46.6720 113.3612 5208 -166.10
46.6878 113.3464 4722 -171.96
46.6835 113.3486 4742 -170.32
46.6973 113.3603 3778 -163.32
46.7050 113.3708 3770 -163.24
46.7007 113.3870 3758 -162.14
46.6954 113.4091 3729 -164.21
46.6955 113.4178 3729 -163.08
46.7087 113.3319 3799 -165.72
46.7169 113.3185 3818 -161.12
46.7168 113.2898 3836 -160.86
46.7085 113.2594 3869 -160.97
46.7008 113.2421 3882 -160.98
46.6927 113.2003 3898 -164.16
46.6980 113.2113 3888 -162.11
46.7172 113.2662 3838 -161.24
46.7210 113.2937 3825 -161.15
46.7069 113.3883 3808 -163.10
46.7027 113.3988 3747 -162.81
46.6728 113.3989 4075 -164.83
46.6609 113.4037 4165 -164.25
46.6680 113.3899 4908 -164.17
46.6607 113.3925 5335 -166.41
46.6500 113.3608 5550 -162.66
TABLE 3 (co n tinu ed )
80
ation Latitude Longitude
Elevation
( fe e t)
Bouguer
Anomaly
(mgals)
109* N46.6562° W113.37270 5601 -162.36111* 46.6806 113.4073 4973 -165.10112 46.6843 113.4095 4748 -164.02113 46.6884 113.3989 4819 —165.44114 46.6914 113.3900 4814 -171.56116* 46.6788 113.3926 4007 -164.70117 46.6850 113.3832 3971 -164.62120* 46.6881 113.3738 4365 -165.86121 46.6931 113.3777 3877 -163.30122 46.6870 113.4186 4178 -163.02129 46.7595 113.3536 4382 -156.52130 46.7019 113.3548 4104 -165.31131 46.7170 113.3339 3988 -162.65136* 46.7221 113.3532 4819 -165.50138 46.7323 113.3533 4966 -162.07139* 46.7319 113.3692 5379 -160.76142* 46.7229 113.3668 4800 -161.27143* 46.7174 113.3741 4698 -162.94144 46.7140 113.3689 4856 -166.32145* 46.7233 113.3773 4704 -156.29146 46.7448 113.3541 4258 -156.42
147 46.7598 113.3748 4822 -158.75148* 46.7568 113.3839 5158 -159.75
149* 46.7568 113.3657 4878 -163.38
151 46.7306 113.4184 6314 -157.88
154* 46.7169 113.4185 5468 -162.37
156 46.7304 113.4019 5641 -161.84
157* 46.7345 113.4009 5509 -158.43
159 46.7280 113.3910 5341 -164.28
163 46.7218 113.3988 5190 -161.06
166 46.7538 113.3977 5377 -162.03
167* 46.7432 113.3880 5488 -158.72
168* 46.7396 113.3828 5439 -163.63
173* 46.7303 113.3973 5210 -161.05
174* 46.7538 113.4205 6219 -163.41
175 46.7520 113.4157 5939 -161.80
176* 46.7383 113.4186 6940 -160.22
184* 46.7363 113.3366 4760 -159.18
187 46.7503 113.3386 4879 -158.40
188 46.7473 113.3403 5011 -161.42
194* 46.7517 113.3212 5001 -160.36
197* 46.7575 113.3050 5754 -159.81
203 46.7599 113.2505 5688 -156.04
204* 46.7537 113.2649 4800 -156.95
205* 46.7426 113.2749 4240 -161.20
207 46.7743 113.2713 6395 -160.19
208 46.7635 113.2743 6085 -148.39
TABLE 3 (co n tin u e d )
81
S tation
212
213
214*
215
216*
217
219
220 
221 
223* 
224 
225* 
227 
229 
234
236
237 
239* 
247 
266 
271* 
272 
273* 
274 
275* 
279* 
280 
282* 
283 
287 
288*
289
290 
291*
292
293
294
296
297
298
299 
300* 
301 
302* 
303
Elevation
Latitude Longitude (fe e t)
N46.7340° W113.24360 5779
46.7435 113.2454 5709
46.7361 113.2504 5859
46.7502 113.2465 5995
46.7308 113.2696 4578
46.7256 113.2538 5068
46.7165 113.2798 3987
46.7163 113.2588 3977
46.7165 113.2483 4166
46.7020 113.2273 4128
46.7165 113.2273 4186
46.7141 113.2180 4425
46.7137 113.2255 4074
46.7034 113.2115 4254
46.7053 113.2307 4182
46.7101 113.2309 4213
46.7163 113.2313 4392
46.7222 113.2369 4792
46.6971 113.2028 3909
46.6997 113.2529 3947
46.7612 113.2423 6450
46.7558 113.2278 6398
46.7564 113.2131 6156
46.7505 113.2243 6429
46.7417 113.2293 6112
46.7391 113.2072 5956
46.7327 113.2057 6101
46.7271 113.2178 5769
46.7236 113.2106 5602
46.7429 113.4367 6175
46.7383 113.4456 6339
46.7316 113.4361 6270
46.7285 113.4486 6436
46.7224 113.4402 5896
46.7209 113.4231 6258
46.7112 113.4263 5322
46.7152 113.4267 5670
46.7736 113.4368 5492
46.7617 113.4269 6283
46.7593 113.4367 5956
46.7514 113.4377 6088
46.7652 113.4391 6125
46.7700 113.4231 5808
46.7694 113.4062 5255
46.7637 113.3999 5390
Bouguer
Anomaly
(mgals)
-160.19
-153.35
-159.13
-156.60
-159.87
-165.29
-160.53
-161.17
-159.95
-161.16
-160.95
-161.53
-161.27
-161.97
-161.91
-162.14
-160.69
-160.67
-162.92
-162.32
-158.94
-157.25
-158.28
-159.92
-158.27
-157.99
-159.45
-158.90
-162.55
-152.33
-155.35
-153.53
-160.76
-162.85
-165.67
-160.86
-163.46
-160.44
-165.24
-159.02
-160.89
-161.44
-163.52
-158.83
-159.06
